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I. INTRODUCTION
Radio astronomers and atmospheric physicists have been interested
in the microwave properties of the atmosphere by necessity or inclin-
ation for many years. Designers of communication systems have
relentlessly moved to utilize higher microwave frequencies as the
lower ones become more crowded each year. Their interest in the
interaction between microwaves and the atmosphere has therefore
increased. Now the National Aeronautics and Space Administration
has placed a great deal of emphasis upon earth observations and it
is clear microwaves offer a potentially highly useful means of inves-
tigating surface properties. Therefore, from NASA's viewpoint, it is
imperative to learn more about how the atmosphere will affect surface
observations made from space.
o
In an attempt to illuminate certain aspects of the relation-
ship between microwaves and atmospheric water and clouds, this
study was undertaken. It is directed especially towards the pro-
blems of remote sensing of the surface from space but in answering
questions concerning this application it will no doubt be useful for
other purposes.
A. Objectives
The objectives of this study can be listed as follows:
I. To establish a mathematical link between the molecular
processes and the bulk electromagnetic properties of atmospheric
water vapor, liquid water, and ice, over the spectral range from
lOcm to lO_ in wavelength.
2. To develop explicit formulation and metMods to compute
atmospheric spectra for arbitrary atmospheric configurations of nressure,
temperature, water vapor, liquid water drops and ice over the range
lOcm to lOu.
3. To examine the variability of water vapor and clouds in
the atmosphere and relate this to radiometer signal variability.
4. To establish methods for applying the techniques and
information developed in l through 3 to world wide statistics of
water vapor and clouds.
B. Approach
The objectives for this study were ambitious for the amount of
funds allocated. Therefore, it has been necessary to carefully select
the most vital parts of each objective and to concentrate our research
on them. An example of the approach which we adopted, taking these
restrictions into account, is illustrated below in the case of computing
the absorption of atmospheric water vapor:
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Water vapor spectra have been computed for many years. As far as
we know the most accurate calculations between lmm and 100_ have relied
upon conq)uting the contribution to a given frequency interval from all
or most spectral lines within a wide spectral interval. The process,
however, is expensive in conq_uter time, and, up to now, no matter what
line shape was chosen, has been systematically inaccurate for all
spectral intervals not falling on or near to the resonant frequency
of a spectral line. However, to study atmspheric spectra over the
very wide range which this study calls out, it is essential that these
computations be accurate and economical to carry out. In preparing
this section, therefore, considerable effort was expended to deter-
mine a new, more economical method for computing absorption by atmospheric
water vapor. The result is an efficient new algorithm applicable tc
the mt_crowave spectrum at least to 1000 GHI.
This same philosophy has been applied to each well defined
subarea of the study. The essential considerations have been brought
out and then the most economical methods employed to achieve accurate and
meaningful results.
C. Limitations
This study in no way exhausts the subject matter discussed. In
3
fact various economies were required to cover the broad ground over
which the study was carried out. One of the subjects which simply
could not be explored was band models which could be used to compute
spectra from the region from around 200u down to lO_ over spectral
bandwidths typical of instrumentation available for measurements in
this region. Since the principal objective was to examine the microwave
region, which is usually limited to wavelengths longer than one mm,
the technique best suited for the microwave region was developed and
applied as far into the infrared as it seemed useful. The computational
method which evolved was the differential bandwidth method which, even
though it is accurate in any part of the spectrum, loses its signi-
ficance for infrared detectors, all of which have bandwidths that in-
clude many individual spectral lines.
A further limitation exists for the application of the spectral
computational methods to worldwide statistics. Methods were developed
to provide a means for establishing the statistics of atmospheric
attenuation, emission and variability due to water vapor over the
entire earth for seasonal and yearly conditions. Examples are given
for a very limited set of frequencies and geographical locations be-
cause of the rapid multiplication in time and effort needed to produce
these maps. However, corollary graphs and explanations make it possible
to extrapolate the results to many other spectral regions.
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We have not attempted to analyze surface emission or the effect
of surface reflectivity on atmospheric emission. The primary subject
matter is atmospheric attenuation and emission and therefore results
are presented for that contribution only.
Another fundamental limitation in applying the methods to compute
cloud attenuation and scattering is the lack of quantitative data on
liquid water and ice distributions in the atmosphere. So far, world
cloud information is limited to cloud cover statistics. No data exist
to define the global distribution of liquid and frozen water. Our
approach, therefore, has been to establish representative cloud models
which could be related to the cloud descriptions in the 29 homogeneous
cloud regions defined in the world-wide cloud studies already performed
for NASA/Marshall, analyze these models and suggest which models might
be appropriate for each region,
D. Uses of the Study
This report has attempted to bring together certain tools which
can be used to assess the impact of water vapor and clouds on earth-
space communications and observations. It can be used to establish
planning data where knowledge of the statistical properties of atmos-
pheric attenuation, noise energy and scattering processes are needed.
If more detailed calculations are needed, it provides the algorithms
and general procedures which can be programmed to compute the detailed
5
structure of the atmosphere. It outlines procedures for utilizing
world wide statistics on the distribution of water vapor and clouds
as they are now known and analyzes the origin and magnitude of the var-
iability which can be expected in these quantities.
The most important use of this study may be to provide the





II. THE ABSORPTION COEFFICIENT OF ATMOSPHERIC WATER VAPOR
A. The Water Molecule
Associated with gas molecules are several forms of energy, among
which are the following: the kinetic energy of translation, the energy
associated with rotation about the principal molecular axes, the
energy of vibration, and the energy associated with the atomic orbital
electrons. The last three forms are quantized and interact with the
an_)ient radiation field. Each form can be considered as an approximately
independent domain of energy.
The rotational and vibrational modes of the water molecule are
shown in Figure II-1. The quantized states of lowest energy corres oond
to those for which the molecule is not vibrating, and are called oure
rotational energy states. Transitions can occur between some of
these states, and thus give rise to spectral lines of absorotion, if
the final state is at a higher energy level than the initial state,
or to spectral lines of emission, if the final state is at a lower
energy level.
Energy states for asymmetric molecules like H20, that is, mole-
cules whose three moments of inertia have different values, are de-
signated in one of two ways. In the most explicit method, the quantum
nu_er J associated with the total angular momentum is expressed with
two subscripts K_I and K+I. These last two numbers are internal
quantum n_ers associated with limiting prolate and oblate symmetrical
THE WATER VAPOR MOLECULE ( H 20 )
ROTATIONAL MOTIONS
Figure II-1. Geometrical configuration of the water vapor
molecule. (Gaut, 1968.)
molecules rotating in a manner similar to the asymmetric one of interest.
More concise is the J_ notation. J remains the quantum number
associated with the total angular momentum, but it now has a sinale
subscript. This subscript is associated with the order of the energy
level in question in the possible (2J+l) levels which can occur for
the same total anaular momentum. If K_l and K+l are known, _ may
always be found from the expression T = K_l + K+I.
In the JK_I,K+ l notation, the transition producing the lowest
frequency water vapor line occurring at 22.2 GHz line is produced by
the transition between the energy states 52, 3 ÷ 61, 6. The 183.3 GHz
line is produced by the transition between the energy states 21, 2 -
31, 3. In the JT notation, these transitions are 5_i_ 6. 5 and
2+2 + 3-2, respectively.
B. The Absorption Coefficient
The absorption coefficient for radiation is found from Quantum
mechanical consierations to be dependent upon the following factors:
(1) the transition frequency, given by Ea. 2-I; (2) the intrinsic
line strength of the transition; (3) the distribution of molecules
among the states which can participate in a transition; and (4), the
line shape factor.
Many excellent treatments of the theory of water vapor absorption
9
exist in the literature (see, for example Townes and Shawlow, 1955;
Herzberg, 1966). The discussion given here summarizes the analysis
of Gaut (1968).
The frequency at which spectral lines appear is directly
related to the energy difference between the initial and final
energy states of a transition and is approximately given by the
Bohr relationship:
viJ : IEJ - Eil
h (2-I)
where the subscripts i, j refer to the initial and final states, vii
is the resonant frequency of the transition between energy levels i
and j with energy values Ei and Ej , and h is Planck's constant.
The general expression for the absorption coefficient resulting from
the transition of molecules between the energy states i and j is given
by
8_u ,_)I {Ni Uij j i }Yij = 3h---_-If("ij I 12- N [uj Iz (2-2)
in which Yij is the absorption coefficient for the transition i+j;
Yij is the frequemcy of the incident radiation, Ni and Nj are the
number densities of molecules in the lower and higher energy states,
1o
respectively; lUlj]2 is the square of the dipole matrix element
associated with the transition i÷j, and f(_lj,_) is the line shape
factor.
Eq. 2-2 demonstrates the dependence of the absorption coeffi-
cient upon the populations of the two energy levels. Transitions
occur from one energy level to the other and absorption takes place
only when luijl2Ni>l.jil2Nj. This situation occurs under conditions
of thermodynamic equilibrium only when 'i' represents the state of lower
energy. When the reverse condition exists, and IPtjl2Ni<lPjii2Nj,
again with 'i' representing the lower energy state, energy is added
through emission to the ambient radiation field. Within the atmos-
phere, thermodynamic equilibrium exists for water vapor well into
the mesosphere allowing the population of levels to be found from
the Boltzmann theory, in which the population of any given level
is proportional to exp {-E/kT} where 'k' is Boltzmann's constant
and 'T' the absolute temperature. As an example, the term (energy)
values of the first 52 rotational energy levels of the water mole-
cule are shown in Figure II-2 together with their relative Dopula-
tions. Also for comparison shown in Figure 1I-2 is a straight
Maxwell-Boltzmann distribution at 293 ° K. The deviation of the actual
population from the Maxwell-Boltzmann distribution is a result of
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Figure II-2. Relative distribution of water vapor molecules
over the first 52 energy states at 293OK,
compared with a straight Haxwell-Boltzmann
distribution. (Gaut, 1968.)
t2
Making use of the approximation of Van-Vleck (1947) for the
partition function for water, the expression for the absorption co-
efficient becomes
8#3N_2v gi_ Si_ {e-Ei/kT -Ej/kT
Yij (v} = 3hc 0.0344 T _ - e } [f(v,vij) [ (2-3)
where _ is the permanent dipole moment of the water molecule, g
a statistical weighting factor equal to l when T is even or 3 when T
is odd, Sij the "transition strength" or "line strength" representing
the effective dipole moment of the transition i+j (relative to u), and
f(_,v..) the line-shape factor defined such that
ij
] fCv'vij ) dv = l (2-4)
For the purposes of computation, it is convenient to express
Eq. 2-3 in terms of a single contant term together with parameters
appropriate to water vapor absorption by the atmosphere:
YijC v)
1.97 x 10 s p gi.i S..
(dS/km) (2-S)
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where p = water vapor density, g/m 3
g = 1,3 for = even, odd
S = line strength
T = absolute temperature in °K
Eij = term values (energy values) of the
lower and upper states, in cm-I
k = Boltzmann's constant, in cm-1 °K "1
and F(v,_ij) is a "Modified Form Factor" (no longer normalized by
Eq. 2-4), containing the frequency dependence in the vicinity of the
single line. According to the definitions of Eqs. 2-3 and 2-5,
(2-6)
where If(v,vij)l is the normalized line-shape factor. We shall
discuss the line shape and Form Factor in greater detail below.
One further simplification to Eq. 2-5 obtains in the microwave
spectral region when the Rayleigh-Jeans approximation (hv/kT<<l) is
valid. In this case the term in brackets containing the two ex-
ponentials becomes, (making use of Eq. 2-I):
e-Ei/kT _ e-Ej/kT} e-Ei/kT( k'_T • (2-7)
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and Eq. 2-5 may be replaced by
Yij (v) =
9.45 x 103 p gij S..
1, [vij F(v,vij) ] Ie-Ei/kT}T%
C_B/km) (2-8)
where all quantities are as defined above and v,v.. are in GHz.
1j
C. The Modified Form Factor
The finite breadth of spectral lines is the result of a combina-
tion of the following: (l) the "natural" line width related to the
radiative transition lifetime by the uncertainty principle; (2) the
"Doppler" line width arising from the distribution of velocities of
molecules in random thermal motion; and, (3) the "collision" line
width resulting from interactions between nearby molecules during
collisions.
Of these mechanisms only Doppler and collision broadening
processes need be considered for atmosDheric studies at microwave
frequencies. Radiational transition lifetimes of the order of
seconds, typical of electric dipole transitions at microwave fre-
quencies lead to natural line widths of order 1 Hz. Ai_ospherlc
temperatures yield, for water vapor at 22 GHz, Doppler line widths
of order lO kHz. Finally, atmospheric pressures lead to collisional
line widths of 2 GHz at a frequency of 22 GHz. We shall therefore
restrict ourselves in this discussion to the collisional, or pres-
sure-broadening process.
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The exact treatment of the problems of collisional broadening
requires detailed knowledge of the interacting forces and processes
occurring during collisions, not all of which are well known.
Derivations of theoretical line-shapes for collision-broadened
lines have been done by Lorentz (1906), Van Vleck and Weisskopf (1945),
Gross (1955), Zhevakin and Naumov (1963) and others. Additional
interest has resulted, in recent years from the increased availability
of data in the microwave region in the vicinity of the water-vapor
lines at 22, 183 and 323 GHz. A recent review of the current status
of the theory of collision broadening in the neighborhood of the 183
and 323 GHz lines has been given by Ulaby and Straiton (1970).
[Note that the Modified Form Factor as defined by these last authors
differs from than of Eq. 2-6, as used in this discussion by the
factor (_/_ij)].
At present, the most commonly used expressions are those of
Van Vleck and Weisskopf (1945) who were led by conceptual difficulties
with the original Lorentz theory at low frequencies to a reformula-
tion of the theory. In the Van Vleck and Weisskopf approach, two
assumptions are utilized: (1) rotating molecules can be treated as
classical oscillators of natural frequency mo driven by the external
field to oscillate at m; and, (2) collision between rotating mole-
cules leave the oscillator variables (position and velocity) dis-
16
tribut_d according to a Boltzmann distribution corresponding to the
applied field at the time of collisions. An undesirable consequence
of this approach is the large oscillator velocities required to re-
distribute the oscillators in position.
In the more recent theory of Gross (1955), the Van Vleck Weiss-
kopf theory is modified by assuming that the oscillator positions
are unchanged as a result of a collision, but that their velocities
are altered to values appropriate to a Boltzmann distribution corres-
ponding to the time of impact.
The "Modified Form Factors" as defined by Eq. 2-6 for the two









FG(V'Vij) - (v..2 _ v2)J + 4v2(Av)2 (2-10)
iJ
in which . is the observation frequency, vii the resonant frequency of
of the transition, and Av the linewidth, as given by Gaut (1968):
P T -n O+ (2-I1)
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with (Av)0the llne width at lO00 mb pressure, 300°K temperature and
the water vapor density p+O. The constant n is a line-dependent
exponent describing the temperature dependence of the line width,
and e is a factor that is a measure of the enhanced effectiveness
of H20 molecules for broadening water-vapor lines relative to
nitrogen molecules
At resonance, both formulations
F(v,vij) = _ ' _ = vij
(2-12)
The following dependencies away from resonance obtain for the Van
Vleck Weisskopf case:
2 v2 Av
Fvv(V'vij) = v. _ v << v• • .
1j 1j
Fvv(V,vi-_,,j- = _ _ >> _..1J
1J
(.2-13)
and for the Gross line=shape factor
18
4 v2 Av
VGC_'_i_)_ = _ <<_.._..3 :L.1
1.1
FG(V,vij ) = 4 viv_ Av _) >> %)..13
(2-14)
D. Analysis of the Non-Resonant Spectrum
Experimental data in the microwave region, confined largely to
the three lowest lines at 22, 183 and 323 GHz show good agreement
with these and other theories at resonance but are in error by as
much as a factor of 5 (see Gaut, 1968 and Ulaby and Straiton, 1970)
in the far wings of the lines.
Ik
Zhevakin and Naumov (1963) used the Gross line-shape factor
for the calculation of atmospheric water vapor absorption over the
spectral range 10 _ to 2 cm. Although the agreement between observed
values and those calculated by summing the contributions of al] the
lines is better for the Zhevakin and Naumov expression than for the
Van Vleck-Weisskopf theory, the disagreement still exists. Burch
(1968) has reviewed the available data for atmospheric water vapor
in addition to making laboratory measurements to 36 on -1 (278 microns)
demonstrating the presence of the discrepancy in the wings of the
lines over the entire range.
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One would at first assume that, since the calculated values
are too low, the arrorresults from not summing over enough lines,
i.e., the contribution of a large number of strong lines at much
higher frequencies is non-negligible. This assumption was tested
by Gaut (1968) for the 183 GHz line, comparing the profile ob-
tained with a single resonance to that obtained by summation of the
contribution of the first 53 lowest rotational resonances, using the
Van Vleck-Welsskopf line shape. The inclusion of the additional
lines reduced the error between observed and calculated values by only
15%.
In practice, the solution to the dilemma is the adoption of an
empirical term describing the difference between the observed values
and those obtained by summation over the nearby lines. This approach
has been adopted by Gaut (1968) who finds that, for the 22 GHz line,
additive term of magnitude 4 times the uncorrected non-resonant back-
ground is needed. This is illustrated in Figure II-3. Similarly,
Burch (1968) adopts an empirical "continuum" obtained by fitting the
computed values to the experimental points.
In the present study, the spectrum was computed over the range
from lO to lO00 GHz making use of the Gross line shape and summations
over the first 53 lines, at lO00 mb pressure, 300°K temperature,
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Figure II-3. Absorption spectrum of the 22.235 GHz for two
pressures, at constant temperature. (Gaut, 1968.)
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and Autler (1946), Frenkel and Woods (1966) and Burch (1968) were
reduced to equivalent conditions, and the difference between the
observed and computed values plotted in Figure II-4.
The contribution of lines at higher frequencies is proportional
to v2 as seen from Eq. 2-14, and hence an expression of the form
Ycorr.(V) = C _ T ! (2-1S)
was adopted for the correction term, with the parameter C and the
exponent n' to be determined. In Figure II-4 the solid line re-
presents the best fit of the points derived from the data corresponding
to C = 4.7'I.0 x lO-6 for n' in GHz. For the temperature exponent,
the values used by Gaut (1968) for the 22 and 183 GHz lines were
generalized by taking
n' = 3/2 + n (2-16)
where n is the temperature exponent in the line width Av as defined
in Eq. 2-11. This assumption leads to n' = 2.126, 2.10 and 2.110
for the 22, 183 and 323 GHz lines.
E. Water Vapor Spectrum to 1350 GHz
The theoretical spectrum, making use of the above empirical
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Figure 11-4. The empirical correction term (solid line) for
P=IO00 mb, T=3OOOK and o=Ig/mS, together with
points derived from experimental data.
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using the Gross line shape factor and including at each point the
nearest five lines above and below the given frequency. The resulting
spectrum is shown in Figures II-5 and II-6, with experimental values
added for comoarison. The constants used in Eqs. 2-5, 2-I0 and 2-11
are those tabulated by Gaut (1968) and are given for reference in
Appendix A. The calculated spectrum appears to agree with the
experimental points to within _I0% in nearly all cases, up to lO00
GHz. The validity of the assumed temperature and pressure dependence
of the empirical correction term has not been determined nor has the
correction itself been validated above lO00 GHz, due to lack of
experimental data.
F. Computation Procedure
The computer algorithm used in the calculation of the spectrum
is embodied in an IBM 360 subroutine. The routine is designed for
efficient computation of many pointswithout the necessity of an
extended summation over the entire set of rotational lines. The
number of lines actually summed is dependent upon the pressure;
at lO00 mb, the nearest five lines above and below the given fre-
quency are summed, and the effective contribution of those outside
this range is included using the correction term of Eq. 2-15. The
advantages of this procedure for the study of the microwave properties



























I I i i I i • •
+
0
BECKER m. AUTLER (1946)
FRENKEL m, WOODS (1966)
BURCH (1968)
,,___11 °
• • , I I I
2O 40 60 80
I
I I I "
K)O 120
l . . . I I I I , _ I
o
; I I I I i I I I I I
140 160 180 200 220 240
I I I ! I 1 I I ! i
A
T • 300" K
P = I000 mb
p - I gmlm _
: I I I I I I I I I I
260 280 300 320 340
FREQUENCY (GHz)
360
Figure II-S. Computed atmospheric water vapor spectrum from
10 to 560 GHz at 1000 mb pressure, 500°K
temperature and 1 g/m 3 density, with experimental
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Figure II-6. Computer atmospheric water vapor spectrum from
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temperature and 1 g/m 5 density, with experimental
values added for comparison.
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(I) The number of basic cycles in the computation is I0 x Np
where Np is the number of sets of parameters (T,P,P, v) computed,
instead of NL x Np where NL is the number of lines. The reduction in
in execution time is thus _NL/IO or -lO0 for the entire set of about
lO00 rotational lines from 22 GHz to lO microns; and
{2) The empirical background affords sufficient accuracy to
model the spectrum, at least at lO00 n_) pressure and 300°K temperature,
in agreement with experiment to -lO) over the studied range.
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Ill. INTERACTION OF LIQUID WATER AND ICE PARTICLES WITH ELECTRO-
MAGNETIC ENERGY OVER THE SPECTRAL RANGE lO CM TO lO MICRONS.
The absorption and emission properties of atmospheric water vapor
are the result of resonant transitions from one energy state to another.
The variability of these properties at any given frequency is influenced
primarily by the large-scale distribution of this gas. The range of
the absorption coefficient of water vapor at any given geographical
location and frequency is typically one order of magnitude, as will be
seen in Chapter V. In the case of clouds, however, local variations in
the distribution of particles, and the size of these particles can
introduce variations in extinction which greatly exceed this range.
Clouds at microwave and far infrared wavelengths interact with the
radiation field through scattering and absorption by individual parti-
cles. Since there are in general no coherent relationships between the
individual particles, the effect of a large-scale ensemble is obtained
by algebraic summation over their individual effects, assuming that the
shadowing of one particle by another may be neglected.
To examine the effect of water and ice clouds upon radiative
measurements we must therefore: (1) examine the interaction of indi-
vidual water and ice particles with electromagnetic radiation over
the spectral range of interest; (2) define a suitable set of particle
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distributions representative of cloud types likely to be found over the
earth; (3) obtain for each cloud distribution the unit-volume absorption,
scattering and extinction properties; and (4) making use of the clima-
tological distribution of the selected cloud types, detemine their
overall impact upon remote-sensing experiments. The first and second
of these steps are the purpose of this Chapter, the third will be
discussed in Chapter IV, and the last in Chapter VI.
An electromagnetic wave incident upon a material particle causes
an interaction with the free and bound charges present within the material
by subjecting them to a force due to the incident electric field.
The charges, moving under the action of this force, generate new fields
which propagate within the material or are carried away as outgoing
radiation. The resulting electromagnetic field outside the particle
consists of the vector superposition of the incident field and the re-
radiated or "scattered" field. The result of this interaction is a
redistribution of the incident energy in such a manner as to attenuate
the forward traveling wave. This attenuation, or "extinction" actually
consists of two parts: that which reappears as scattered radiation; and
that which is absorbed due to the fact that the moving charges within
the medium experience damping forces which transfer their mechanical
energy to the surrounding medium. In addition, the medium itself emits
thermal radiation characteristic of its equilibrium temperature.
The effect of a single particle upon the external field depends
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critically upon the ratio of the particle size, r, to the wavelength,
of the radiation. In the so-called "l_ng-wavelenqth limit", this ratio
is small, and the electromagnetic field is effectively uniform through-
out the droplet. The motion of the constituent charges is, therefore,
coherent throughout the droplet and the re-radiated field is that of
an induced dipole o_c_llating at the frequency of the incident field.
This limit is referred to as the "Rayleigh-scattering limit" due to the
_4 dependence of the power radiated by an oscillating dipole.
At the opposite extreme lies the short-wavelength or "geometrical
limit" for which r>>_. In this case, the motion of charges within
the droplet is coherent only along a wavefront of the exciting radiation,
and the secondary fi'elds are progagated within the medium in such manner
as to interfere destructively except at these points. The laws of re-
flection and refraction apply, and a ray of incident radiation is de-
composed at each surface of the droplet into reflected and refracted
rays which then constitute the "scattered" radiation.
Between these two extremes, the long and short-wavelengths limits,
the electromagnetic fields are best regarded as super-positions of partial
waves which represent, physically, the modes of excitation of the die-
lectric sphere. Thus, in the simplest case, corresponding to the long-
wavelength limit, only the lowest order mode--the induced dipole--
is significant. As the radius of the sphere is increased successively
higher multipoles--quadropole, octupole, etc--become significant.
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A. The Theory of Mie
The rigorous solution for the diffraction of a plan monochromatic wave
by a homogeneous dielectric sphere of arbitrary radius was first obtained
by G. Mie (1908), followed shortly by P. Debye (1909). The discussion
which follows summarizes the more detailed development of the theory found in
the literature (see for examples, Van de Hulst, 1957; Stratton, 1941; Born
and Wolf, 1964).
Consider a uniform dielectric sphere of radius r and complex index of
refraction _ in the presence of a linearly polarized monochromatic plane
wave with wave vector magnitude k=2_/_ and electric field vector-_i. The
-_ -).
fields E and H observed at a distance R >>r from the sphere are:




where El and E2 are the electric field vector con_)onents parallel and




wh)se elements S1 (o) and S2 (o) are given by
SI(B ) = _ 2 +I {a_,! cos e)+ b_T_,(coso)}
Sz(e)= ) 2 +I
_=I
{a_ (cose) + b_ (cose)}
££ ££
The solution takes the form of an expansion in multipole fields with
the coefficients a¢ and b_ for each multipole in the expansion determined
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T_(cose) = cose _(cos0) . sin 2e a_(cos0)dcos 0
with Pg(cos 0 ) the Legendre Polynominal of order of_..
efficients a and b in the expansion are:
a_ = *_ (n,a)*_ Ca) - n,_ (n,a)*_Ca)
b_ = n,_Cn, al,_Ca) ,_(.,al,_Ca)
nu rb




where the prir.:s denote differentiation with respect to the argument and
= kr = 2xr/_ . The Ricatti-Bessel functions_ (a)
to the spherical Bessel functions bv:
Ca) : aJ_Ca)
(3-6)
and_ (a) are related
The Mie effeciency factors for scattering, extinction and absorption are
defined as the ratio fofthe actual cross section to the geometrical cross
section:
,_ ,v 2
qjCn,a) = Xj (n,a)Irr j = S,A,E (3-7)
and are expressed in terms of the coefficients a and b and the dropsize
parameter as:








wher_ the primes denote differentiation wtth respect to the ar_jument and
= kr = 2_ r/x. The Rtcattt- Bessel functions v_(_) and ¢_(=) are related
to the spherical Bessel functions by :
. (2')
C3-6)
The Mie efficiency factors for scattering, extinction and absorption
are defined as the ratio of the actual cross section to the geometrical
cross section:
_' _ 2
qjCn,a) = ×jCn,c0/rr ,._ = S,A,E C3-7)
and are expressed in terms of the coefficients a_ and b_ and the drop-
size parameter a as:
__ _ 2 ,_ 2
2 _ C2_+1) { la_Cn,,x) I +Ib_Cn,=)i}
qs = a2 9.=1
% %
2 (2_,+1) Re{alCn,a) + bi(n,ot)} C3-8)QE =
Ct 6=1
QA = q E - QS
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B. Dielectric Properties of Pure Water
From the foregoing discussion it is clear that the
complex index of refraction must be known before the
efficiency factors, and hence the cross sections for
scattering and extinction may be determined. The polar-
izability of liquid water is the result of dipole
rotation at microwave frequencies and to ionic and
electronic interactions in the infrared and optical regions
of the spectrum respectively. For this reason, the values
of the real and imaginary parts of the complex index of
refraction, shown in Figure Ill-l, vary appreciably over
the range from lO cm to lO microns. The data used in the
preparation of Figure III-l (curve "A") is taken from the
comprehensive literature survey of infrared properties
of water and ice by Irvine and Pollack (1968) who present
values from l to 200 microns. In the microwave region, the
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FIGURE TIT-I. Index of refraction for pure water, I0/= tO lOom.
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accurately by the Debye (1929) formula:
_2 _ e
n = o = + c (3-9)
1 + i(loll)
where Eo and c= are the static and optical dielectric constants and
Xo is the Debye relaxation wavelength, resulting from damping effect in
the liquid. The real and imaginary parts of the index of refraction have
been computed using the Debye formula together with the constants _o, _® ,
_o given for pure water as a function of temperature by Goldstein (1951)
and are shown in Figure III-l as curve "B". Also shown for comparison
in Figure III-l are recent data of Zolotarev et. al. (1969) who tabulate
the index of refraction of water from l micron to l meter, at 25°C.
The strong temperature dependence of the microwave properties of
cloud particles may be seen in Figure III-2, in which the Debye formula
has been used, together with the Goldstein constants to compute the real
and imaginary parts of the index of refraction over the range from l
to 300 GHz for several temperatures from 273°K to 313°K. The tempera-
ture dependence of the real part is a maximum in the range from lO to
lO0 GHz, while for the imaginary part the temperature dependence is
a minimum in this same interval. Note that for frequencies less than
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FIGURE ZE-2. Index of refraction for pure water, I GHz to 300 GHz.
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over this temperature range. Above lO0 GHz, a direct variation of
approximately half an order of magnitude occurs.
C. Mie Efficiency Factors Water_ lOv to lO cm
The Mie efficiency factors for scattering and extinction by
pure water have been computed as a function of drop radius for 9
wavelengths in the range from lO microns to lO cm, and are shown
in Figs III-3 through III-ll. The index of refraction data used
are those of Zolotarev et. al. (1969). For each wavelength, the
efficiency factors were computed over a range of drop-size narameters
from O.Ol to 50.0, to demonstrate in each case the drop sizes for
which the long and short wavelength limits are appropriate, respective-
ly. The former "Rayleigh" limit is of particular interest in the
present application; since it is in this limit that scattering may be
neglected and clouds treated as purely absorbing media. In the Rayleigh
limit, a<<l the efficiency factors QS and QE of Eq. 3-8 take the form
where
8 °_4 IKI2qs = --F- + "'"
8a 4
QE = 4a Im{-K} + T





IKI 2 + ... (3-10)
(3-11)
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WATER AT 298. Kt DATA FROM ZOLATAREV ET AL (1969)
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Figure III-3. Hie efficiency factors for scattering and
extinction by pure water droplets at
I0 cm.
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WATER AT 298. Kt DATA FROH ZOLATAREV ET AL (1969)

















Figure I I I-4. Hie efficiency factors for scattering and
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Figure III-5. Hie efficiency factors for scattering and
extinction by pure water droplets at
1 cm.
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Figure III-6; Mie efficiency factors for scattering and
extinction by pure water droplets at
5 n_.
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WATER AT 298, Kt DATA FROM ZOLATAREV ET AL (1969)
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Figure III-7. Hie efficiency factors for scattering and
extinction by pure water droplets at
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WATER AT 298. K, DATA FROM ZOLATAREV ET AL (1969)
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Figure III-8. Mie efficiency factors for scattering and
extinction by pure water droplets at
500 microns.
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WATER AT 298. Kt DATA FROM ZOLATAREV ET AL (1969)
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Figure III-9. Hie efficiency factors for scattering and
extinction by pure water droplets at
100 microns.
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WATER AT 29R. K, DATA FROM ZOLATAREV ET AL (1969)



















Figure III-10, Hie efficiency factors for scattering and
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Figure III-11. Hie efficiency factors for scattering and
extinction by pure water droplets at
I0 microns.
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Examination of Figures III-3 through lll-ll indicate that there
exists at each wavelength a range of drop sizes for which the
extinction factor QE is linear in the drop radius, i.e., for
which the extinction is given accurately by the Rayleigh limit
of Eq. 3-I0. Two conclusions may be drawn from these results:
(1) In the Rayleigh limit, the ratio of the scattering to
the total extinction cross sections Xs/X E is proportional to
(r/X) 3, neglecting the wavelength dependence of K.
(2) In the Rayleigh limit the extinction cross section xE for
a spherical droplet is proportional to r3 and hence simply to the
volume (or mass) of the droplet. The total extinction coefficient
due to an ensemble of droplets is, therefore, simply proportional
to the total mass of the drop ensemble, and independent of the
drop size distribution.
At the short wavelength limit, also apparent in Figures III-3
through III-ll, both QE and QS approach constant values, although
they continue to exhibit oscillations which show up when studied to
higher resolution in drop size parameter than used for the present
calculations. In the limit _-_, the efficiency factor for
extinction QE+2, corresponding to a cross section of twice the
geometrical cross section of the droplet. This result is due to
equal contributions, to the total extinction, of energy intercepted
by the geometrical cross section and energy diffracted at the edge
of the geometrical shadow.
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The behavior of 0S as _+_ is fairly complicated, and is strongly
dependent upon the real and imaginary parts of the complex index of
refraction. A detailed discussion of the asymptotic behavior of
both QEand QS is given in Plass {1966). For the purposes of the
present study, we assume that the values applicable to the regime
_>_ are those computed for a--_.
D. Single-Particle Properties of Ice from IOp to lO an.
The analysis of the single-particle interaction of ice parti-
cles with electromagnetic energy is complicated by the non-spherical
shape of ice crystals. They exist in several forms, making solution
of the field equations in terms of normal modes of oscillation of
the particle possible only for special cases. Ice crystals found in
cirrus clouds have been found by sampling techniques (Blau, et al.,
1966; Hall, 1968) to be largely made up of prismatic columns lO0 to
200 p in length with hexagonal bases of order 30 to 50 _. It is clear
that the effect of cirrus clouds becomes highly important as one moves
into the infrared, in whiCh the ratio of a characteristic dimension,
i.e. 30 _ becomes large. Since the lack of unifomity in ice crystal
distributions is substantial, the effect of the irregularity of indi-
vidual particle shapes becomes relatively less important, so that in
practice an ensemble of spherical ice particles is used for computation
purposes.
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E. Dielectric Properties of Ice
At the present time, values for the index of refraction of
ice covering much of the spectral range of interest are not avail-
able. The existing data for the infrared region to 200 microns
have been assembled and reviewed by Irvine and Pollack (1968)
and are shown in Fig. III-12 as curve "A". For the microwave
region from l to lO cm, the value of Herman et al,(1961)has been
shown as curve "B". Between these two regions reliable published
data on the index of refraction appears to be lacking. Furthermore,
the data represent values at temperatures ranging from 0° C to
-3O°C, and information required for the examination of the temper-
ature dependence incomplete. The index of refraction of ice over
the region of interest is due to ionic and electronic polarizability,
with dipole rotation occuring only at wavelengths 4n excess of l
kilometer (Debye, 1929). The resulting real and imaginary parts of
the index of refraction exhibit substantial variations particularly
in the vicinity of the absorption bands.
F. Mie Efficiency Factors for Ice_ lO u to lO cm
The Mie efficiency factors for scattering and extinction have
been calculated at 3 wavelengths, and are shown in Figs. Ill-13
through Ill-15, using the values of Irvine and Pollack (1968) for the
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FIGURE TIT-12. Index of refraction for Ice, lOp to IOcm.
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Mie efficiency factors for scattering and
extinction by ice particles at 1 cm.
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(lg61) for 1 cm. As in the case of water, the range of drop
size parameters is 0o01 to 50, demonstrating both the long and
short wavelength limits respectively. It is interesting to note
the relatively high contribution of scattering to the total
extinction cross section of ice particles in the microwave
region, which is a result of the low imaginary part of the index
of refraction. From Eq. 3-I0 it is apparent that, even in the
Rayleigh limit, scattering can become important relative to ab-
sorption if Im{-K}÷o.
G. Unit Volume Radiative Transfer Properties of Water and Ice
Clouds
The extent to which a particular cloud type affects the
propagation of electromagnetic radiation within a spatially
localized region depends upon the scattering, extinction and
absorption coefficients, given by:
yj(n,_) = f N(r)Xj(_,_,r)dr neper can-1
r (3-12)
-3
with NT = fr N(r)dr cm
where xj is the single-drop cross section (j = S, A, E) as given above
and N(r) the number of drops per cm3 in the radius range from r to r
+ dr, with NT the total nun_er density at the point in the medium.
Two additional parameters of interest are the single scattering
albedo and the penetration depth for single scattering. The single-
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scattering albedo is defined as the ratio of the scattering to
total extl nctlon coeffi clents :
_o = YS (_'X)IYEC_'k) (3-13)
and is a measure of the fraction of energy removed from the
incident radiation field due to scattering. The penetration
depth for single scattering, as used in the present study, is




It represents the distance in which the probability of a scatter-
ing event is less than I0%, or within which the assumption of a
purely absorbing medium introduces an error of < I0%. The penetra-
tion distance is of particular interest in relating the unit-volume
properties of an assumed distribution of cloud droplets to their
over-all effect upon radiative transfer within a cloud of a given
scale size.
H. Absorption by Clouds in the Rayleigh Limit
@
It has already been observed that in the Rayleigh limit, the
single-drop cross sections for extinction and absorption are dependent
only upon the mass of the droplet. Hence, Eq. 4-I takes the simple
form
YE YA = m F(X,T)- (3-15)
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where m is the mass density of the ensemble and f ts a function of
the wavelength and temperature. The function f has been determined
empirically for water clouds by Staelin (1966) using constants
from Goldstein (1951) wtth the result that the extinction coeffi-
cient applicable to clouds in the Rayleigh limtt is given by
Ycloud = 4.35 m 10{0"0122(291-T)-1} dB km-1
_2
(3-16)
in which T is the absolute temperature tn OK, m the mass density
in cnnm- 3, and x the wavelength in on. Values for the absorption
coefficient as given by the Staeltn fomula are presented as a func-
tion of frequency in Fiq. III-16 for several temperatures rangtnq
from -30°C to +40°C.
A similar approach may be applied to tce, maktnq use of
tabulated data of Atlas et al. (1965) for absorption by ice clouds
in the Rayleigh limit, for temperatures ranglnq frnm 0° to -20°C.
These data are shown in Flg. III-17. A useful empirical relation
which fits the data over the range 0° to -200 to within about 5% is
given by:
0.5
YICE = m I0-{2"11 + 0.145(273-T)
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Fiqure Ill-17. Microwave absorotion by ice clouds from 1 to I000
GHz as Qiven by tabulated data of Atlas et al. (1965).
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Comparison of Eqs. 3-16 and 3-17 demonstrates the (x-2) dependence
of water-cloud absorption by clouds in the microwave region, and
the (_-l) dependence of ice-cloud absorption. This latter dependence
results from the fact that the index of refraction for ice is con-
stant over the microwave whereas for water it is not (see Eq. 3-10).
Another noteworthy point is the temperature dependence, which is
direct in the case of ice, but inverted in the case of water.
We shall examine the validity of the Rayletgh approximation
further after discussion of the computational models used to describe
the atmosphere and clouds, in Chapter IV.
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IV. RADIATIVE TRANSFER PROPERTIES OF CLOUDS FROM 10 Oq TO 10 IJ
A. Modeltnq Procedure for Atmospheric Variables
The formal relation which describes the passaoe of radiation
through a matertal medium ts the equation of radiative transfer.
For the purpose of simulating microwave stgnals received by a
radiometer sensino the terrestrial environment, a numerical model
is needed which solves the equation of radiative transfer at every
point alono the 1the of sight, for a medium characteristic of real
atmospheric, cloud-cover and surface conditions. The purpose of thts
chapter ts to discuss the algorithm used tn the computation and the
models used for representation of the clear atmosphere and for repre-
sentative cloud-cover conditions.
Th=_ geometry, applicable to the numerical solutton of the equa-
tion of radiative transfer ts shown tn Figure IV-1. The atmosphere
ts assumed to be made up of plane layers each of which contains a
uniform density of water vapor, oxygen, and 11qutd water at a uniform
temperature and pressure. The model atmosphere ts constructed by first
using a set of values for temperature, pressure and water vapor density
Tatm t' Pt' and Pt correspondtno to a set of N levels of altttude z t, t = 1,
...N. Cloud layers are modeled by inserting levels corresponding to the
base and top of each cloud layer, and tnterpolatina the values of Tatm,
P, and p to obtain values of these variables appropriate to the tnserted






























































layer is set to that of the cloud model, and the water vapor density
to a value corresponding to I00% humidity, under the ass_tlon that
the atJnosphere is fully saturated within the cloud layer.
Layers in the model atmosphere are defined as extendlnn between
two levels, such that the l-th _ extends between levels I and I + I.
For each of the N - l layers defined by the set of N levels, the mean
temperature T, pressure l_, wal_r-vapor density _, and liquid water density
are assigned to mean the height _ of the layer. The temperature,
water-vapor and liquid water density averages are obtained by linear
averages, and the pressure by interpolation of the hypsometric formula.
Once the layered model of the atmosphere, with its inserted cloud
layers, has been constructed, the set of extinction coefficients appro-
priate for water vaoor, oxygen and clouds must be asslaned to each layer.
The absorption coefficient of water vapor is obtained using the algorithm
of Chapter II, using the mean temperature, pressure and water vapor den-
sity for the layer. The absorption coefflclent of oxygen Is computed
using the expressions of Lenolr (lg68). For cloud layers, the unit-
volume scattering and extinction coefficients are calculated using
Eq. 3-12 of Chapter III, after first conl)utln, the single-particle cross
sections x(),r), and defining the drop-size distribution N(r).
The problem of rad@mtlve transfee in a scattering medium is in
general fairly complicated and the methods for its solution are applicable
only to special cases (see Chandrasekhar, 1960; Samuelson, 1967; or
Van de Hulst, 1957 for further discussion). For this reason, the unit-
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volume properties of clouds are used in the present study to define
those conditions for which scattering may be neglected; i.e., for which
the problem of radiative transfer becomes that of a finite series of
uniform absorbing layers. An important criterion for the validity of
this simplified approach is that the stnole-scattertnq penetration
depth, dS defined by Eq. 3-14 of Chapter III he larae in comparison
to the physical path length traversed by the beam within the layer.
For space-based observations at near-nadir anoles in the microwave
region, this assumption is valid for all but the raln-bearing cloud
distributions, but as one approaches the infrared reqlon, it hecomes
less and less valid. Within the context of this general anproach,
therefore, it is really only feasible to discuss the atmospheric opacity
or brightness temperature derived by the modeling procedure for cloudy
atmospheres at the longer wavelengths.
In the application of the model, the nun_)er of layers required for
sufficient accuracy depends upon the minimum scale height within which
the important parameters change appreciably. Since the scale height for
water vapor is about 2 kilometers, spacing of levels for a clear atmos-
phere at about half this distance is adequate. Cloud layers, of course,
may be assumed to be of any desired thickness, and hence the spactnq of
levels accordtno to local chanqe of the important parameters is accom-
pltshed by the cloud insertion procedure. In the present study, the
actual computations were performed ustnq the "Generalized Atmospheric
Brightness Temperature and Weighting Function" (GABTAWF) proqram,
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implemented for the Univac 1108 computer.
B. Models of Clear Atmospheres
Three atmospheric models suitable for use with the numerical
procedure described tn Section A have been used tn the present study,
to represent the effect of climatic variations and extremes. Their
temperature profiles, shown tn Figure IV-2, are the Standard Atmosphere,
1962, (mid-latitude), and the Tropical and Subarctic (summer) supple-
ments thereto, as presented in the Handbook of Geophysics and Space
Environments _Valley, 1965). The water-vapor density curves for the
atmospheres, shown in Figure IV-3, are means for the latitudes repre-
sented. They are also reported (up to the 10 kilometer level) in the
Handbook of Geophysics and Space Environments.
Above 10 kilometers, distributions of moisture are those con-
structed by Gaut (1967), maktng use of data of Mastenbrook and Purdy
(1969) and Stssenwtne et. a1.(1966) up to 28 kilometers, The distri-
butions of water vapor above 28 kilometers for-each case assume constant
mixing ratios of 2x10-6 gram of water vapor per qram of dry atr.
C. Hodels of Cloud-Cover Conditions
A total of 19 cloud mode]s have been taken from Retfenstetn and Gaut
(197]) for use tn the present study, representing both fair-weather and
rain-bearing cloud conditions, and Including commonly-occurtng categories
of ]ow, middle, htgh stratus and cumulus clouds. The properties of these
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Figure IV-2. Temperature profiles for three model atmospheres used
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Figure IV-3. Water vapor densify profiles for three model atmospheres
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more horizontal layers for which the composition (water cloud, ice cloud,
precipitation, etc.), the mass density, and three parameters describing
the drop s(ze distribution, are specified. In Table IV-l, column I
v
contains a reference number, column 2 the most descriptive name of the
model. The base height and top height are specified in meters in columns
3 and 4. (The separate specification of a base and top heiqht for each
layer allows for the possibility of layers which are physicallyseparated
or stratified in heiqht.) The mass density m of liquid water is given
in column 5, in q/m 3. Columns 6-8 contain the parameters characteriz-
ing the cloud-dropsize distribution, N(r). For this study, the analytical
distribution of Deirmendjian (1964) had been used which enables a niven
cloud layer to be characterized by four parameters the mass density M,
mode radius rc of the distribution, and two shade parameters C l and C2:
NCr) = A rC1 exp [-B rC2] (4-1)
where A =
C + 4 ]
m C2 B C2







The mode radius rc is that drop radius at which the number de.try
distribution function is w_aximum, and is tabulated in column 6 of
Table IV-l. The two shape parameters Cl and C2 are given in
columns 7 and 8. Finally, the principal composition of each cloud
layer is shown in column 9, with the notation "water" indicatinQ
a cloud with liquid water (I00% humidity and a continuous drop-
size distribution), "ice" a layer primarily made up of ice crystals,
"rain" a layer made up primarily of precinitation {less than I00%
humidity, with a droo-size distribution concentrated at radii larqer
than 100 microns). The information necessary to construct the models
has been taken lar0elv from Valley (1965),Fletcher (1966), and
Mason (1957) with data of Laws and Parsons {1943) as tabulated by
Crane (1966) used for the rain-bearino layers. The three ice-cloud
models represent Cirrus at three predominantly different altitude
ran(!es, corresDondinQ to the three different climatoloqical conditions
of the "standard" atmospheres. For mode!inq purposes, the ice layers
have been assumed to be made up of ice spheres as discussed in Chanter
Ill. The mode radius of 40 u was based on the work of Blau et al. (1966),
with the shape parameters desiqned to include the effect of random-
oriented crystal faces of l()O_ or more. The properties of haze, in-
cluded as model 20-4 have been taken from Deirmendjian (1964). The
catalog does not intend to be inClugive, but instead covers a ranqe of
cloud conditions of interest in the study of remote-sensing a_plications.
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The dron-slze distributions for each layer of the liquid water
clouds and the l-r_-I Cirrus (mldlatltude) model are qlven as comnuter-
generated _)lots in Anpendlx B.
D. Unit-Volume Scatterln9 and Absorption Properties of Clouds
The scattering and extinction coefficients as fliven by Ea. 3-12
of Chapter Ill have been computed for each layer of the liquid water
clouds, at 5 wavelengths from lO cm to lO p, and for the l-M-l Cirrus
model at lO cm,lO0 p and lO _. The results of these computations are
tabulated in Appendix C.
Several interestinn results emerqe from these calculations, and
deserve special note. First, the scattering and extinction coefficients
for the Iow-lyinn stratus cloud model (20-I) are shown as a function
of wavelenqth in Fig. IV-4. Also shown in the figure is the extinction
coefficient as given by the empirical formula, (Eq. 3-16 of Chapter Ill)
of Staelin (1966) for the Rayleigh approximation. The aqreement between
the Staelin formula and the com_uted extinction coefficient is qood for
frequencies less than _lO0 GHz, with the slight discrepancy in this
region due in all probability to the difference in refractive indices
applicable to the two curves (the former makes use of data of Goldstein,
(1951) whereas the latter uses that of Zolotarev, et al., (1969). For
wavelengths shorter than _5 mm, the departure of the computed extinc-
tion coefficient from the X-2 dependence is evident with the scatterinn
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Fiaure IV-4. Scatterina and Extinction coeffieients conmuted for low-
lying stratus as a function of.wavelenoth with the empir-
ical formula of Staelin (1966) shown for comparison.
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For wavelengths shorter than _100 p, the major portion of the drop-
size distribution ltes in the "short wavelenqth ltmlt", of Chapter
III, and the extinction coefficient approaches a constant value
proportional to the mean cross section of the Individual drops.
A similar presentation is given for a ranae of drop distri-
butions in Fig. IV-5, in which the extinction coefficient _E for
the three layers of a rain-bearlng cloud (25-2) is shown as a function
of wavelength. The three layers differ in mode radius rc, and mass
density m, as well as in their shape parameters C1 and C2 (see
Appendix B). Each of the three curves exhibits the same character-
istic saturation effect with increasing frequency observed for the
low-lying stratus, but at frequencies dependent upon the mode radius
of the distribution. In the microwave Dart of the soectrum, the x-2
dependence is still present in the case of the non-raining layers
(2 and 3) but not for the raining layer I. The effect of extremely
large drops in rain layers has been studied in the microwave region
by Reifenstein and Gaut (lg71) who find that the departure from the x-2
dependence can be severe in the case of thundershowers (e.g. model
26-I, layer I) even at wavelengths longer than 1 cm.
The additional parcmeters of interest are the single scattering
albedo and single scattering penetration depth, as defined and discussed
In Chapter Ill. The single scattering albedo is show_ _n Figure IV-6
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Fiqure IV-5. Extinction coefficient for three layers of a rain bearinq
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Figure IV-6. Stnqle scattering albedo for three model cloud distributions
as a function of wavelength.
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layers of the rain-bearing cumulus are shown, with that for low-lying
stratus and heavy haze. The domain of wavelengths for each for which
scattering may be expected to be important are marked by a sharp rise
in the scattering albedo. As the wavelength becomes shorter, the
scattering albedo reaches a maximum corresponding to the coincidence
of the peak of the Mte efficiency factors wtth the peak of the drop
size distribution. Finally, in the "short wavelength limit", the
scattering albedo reaches a constant value determined essentially by
the limiting values of QS and 0E, whtch are in turn highly de oendent
upon the complex index of refraction.
The single scattering _enetratton depth is shown for the rain-
bearing cumulus model in Fig. IV-7. Also shown for comparison in Ftq.
IV-7 are the layer thicknesses, corresponding to the physical path-lenoth
for observations at the nadir. Since the penetration depth is equal to
10_ of a mean free path for single scattering, an error of less than _lO_
is made in neglecting scattering in the equation of radiative transfer !f
the path length is greater than the penetration depth. The wavelengths
for which this criterion is met are sharply defined for layers 2 and 3.
For the raln-bearing layer, however, the criterion Is met over the entire
range I This surprising result serves to demonstrate the important point
that it is not only the distribution of drop-slzes within the path but
also the number, which determines the over-all opacity. The mass density
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Fiqure IV-7. Single scattering penetration depth for the three layers of
a rain bearina cumulus cloud, with laver depths shown for
reference.
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we have already observed that the scatterlnq albedo reaches a maxi-
mum, it follows that the penetration deoth reaches a minimum, and
that thls minimum defines the ohyslcal oath lenqth for which scatter-
inq may be nenlected at all wavelenqths. Note that for the other
rain models with raln layers of 400 ,, the mass density of the layer
is at least a factor of 5, and that for a layer deoth of 300 meters,
the criterion Is violated for all wavelengths shorter than about
l cm. For slant path observations, particularly at larae nadir anales,
the situation Is altered drastically, and scatterlnq must be included
in comDutatlons made with most of the modeled distributions for wave-
lenqths shorter than _l mm.
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V. THE VARIABILITY OF WATER VAPOR IN THE ATMOSPHERE AND ITS RELATION-
SHIP TO RADIOMETRIC OBSERVATIONS.
All observations through the atmosphere, in those spectral regions
in which water vapor and clouds are not totally transparent, will show
variability arising from the inhomogeneous distributions of these two
absorbers. In this chapter the question of the variability of water vapor
is taken up and related to some of the practical considerations of re-
mote observations. In particular, the following three questions have
been addressed to provide guideposts for the ensuing discussion:
I. What variations in water vapor can be expected for different spatial
scale sizes and averaging periods?
2. What are the fundamental considerations which relate
variability of an atmospheric gas to the variability of
the signal recorded by a radiometer?
3. What variability due to water vapor can be expected from a radiometer
observing through the atmosphere at various frequencies?
A. Water Vapor in the Atmosphere
Water in gaseous form is found in the atmosphere from close to zero
percent by mass to as much as four percent in warm, moist conditions. It
is highly variable from microscopic scale sizes on up to planetary scale
sizes. It is variable in time for any given point in the atmosphere,
80
but this variability is itself a function of space and time. The
maximumwater vapor which the abnospherecan hold is a strong function
of temperature so that the distribution of absolute humidity in the at-
mosphere is related to the mean abnospheric temperature _stribution.
To bring out some of the more important details of the variability
of water vapor, the discussion that follows addresses itself in turn
to some of the features of planetary, synoptic, and meso-microscale
variations in atmospheric water vapor.
(1) Planetary Scales
Figure V-l presents the zonally averaged (around latitude circles)
precipitable water as measured at approximately 450 radiosonde stations
over a one year period (IGY-1958). The data was assembled and analyzed
by the staff of the Planetary Circulation Project at M.I.T. Tlle figure
is taken from Peixoto (!971). Other work by the same group and reported
in Peixoto (1970) is based unon five years of data for the northern hemisphere.
The lengthier statistical record substantiates this basic curve. In-
cluded in Figure V-l are the curves for summer and winter conditions
to show seasonal variability.
Several points of interest related to the spatial and temporal
variability of water vapor on a planetary scale should be brought out.

































































mately one order of magnitude (0;2-0.5 gm/cm 2 at the poles to approxi-
mately 4.5 gm/cm 2 at the equator). Secondly, the winter-summer varia-
tion in these zonal averages are everywhere less than l gm/cm 2 with the
maxim_n variation occurring in the mid- and higher latitudes of the
northern hemisphere. The important differences between the equatorial
regions and the arctic regions is a direct result of the equator-pole
temperature difference. The mean precipitable water for the entire
globe derived from these curves is approximately 2.6 gm/cm 2.
If one chooses a single meridian and plots the mean annual pre-
cipitable wate_some variation from the zonal mean is to be expected.
Along 80 ° west longitude the pattern for W is that shown in Figure V-2.
The maximum water vapor is both greater than the zonal mean (4.3 vs 4.9
gm/cm 2) but also displaced northward about 10 °. However, it is remark-
ably similar in general appearance and magnitude to the zonal mean. This
similarity is repeated at most longitudes.
The variation in the vertical for the zonal average of the absolute
humidity is shown in Figure V-3. The units are gm/m 3. Again the distri-
bution is dominated by the temperature distribution found in the tropos-
phere. Regions of warm temperatures have higher values for the average
water vapor density. Equatorial regions are roughly one order of
magnitude more moist than polar regions at all pressures. There is an
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Considerably higher values of water vapor density appear in north polar
regions as opposed to south polar regions.
Aiong 80° west longitude in the northern hemisphere, the cross-
section of annual mean p values is as shown in Figure V-4. This supports
the curve for precipitable water shown in Figure V-2. The maximum
values are displ'aced lO° to 15° north of the equator. Other than this
anomaly the values are similar to the zonal means.
Important for later discussions concerning the effect of water vapor
on earth observations are the two facts that 50 percent of the water
vapor is contained in the lowest 15% of the atmosphere (>850 mb) and 90
percent is found in the lowest half of the atmosphere (>500 mb). This
can be better seen in Figure V-5 which gives some zonally averaged
yearly profiles of absolute humidity for various representative lati-
tudes in the northern and southern hemispheres.
Figure V-6 presents the temporal standard deviations of the zonally
averaged absolute humidity. Here, a double lobed picture appears. The
zones of maximum variation in time do not coincide with the zones of
maximum humidity. In the northern hemisphere, the maximum occurs about
30°N. In the southern hemisphere, the maximum seems to be closer to the
equator, near 20° to 22°S. It should be noted, however, that the data
base for the northern hemisphere is much more extensive than the data





















































































hemispheres is due to data deficiencies in the southern hemisphere.
From purely meteorological reasoning the differences appear to be real.
The variability in lower middle latitudes is not surprising because it
is in this region that air mass changes from one moisture condition to
another take place most frequently.
The spatial variability of precipitable water averaged over one
year over the northern hemisphere is shown in Figure V-7. The distri-
bution reflects the influence of the temperature field, the large scale
circulation systems, especially as they relate to convergence and diver-
gence of the flow in the lowest part of the troposphere, and the topog-
raphy. High plateaus and mountains tend to be above the warm moisture
laden air and therefore less precipitable water exists above these
regions on the average.
Some of the features in Figure V-7 are important to note. Most
obvious and already brought out in previous figures is the general
equator-pole decrease in moisture. Continental regions, which are the
sources of erctic air masses, show up low in moisture content (e.g.,
Siberia). The east end of semi-permanent high pressure regions are
lower in moisture than their western counterparts corresponding to
the notion of descending diverging air in the eastern parts and ascending
converging air inwestern parts of these features. Maxima occur over
the equatorial regions of South America and the western equatorial re-
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\Figure V-7. The annual mean distribution of precipitable water
in vapor form over the northern hemisphere. Units
are in gm/cm 2. Data are from the IGY (1958). (Peixoto
and Crisi, 1965.)
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gions of Africa, as well as over the southern part of India and the
waters surrounding this part of the subcontinent. An arm of moisture
extends up the east coast of Greenland perhaps as a result of the North
Atlantic Drift. Desert regions are plainly low in moisture as evi-
denced by the Sahara (northern Africa), the Kalihari (southern Africa),
and the Great Victoria Desert of Central Australia. Topographical
influences occur in the western U.S., the west coast of South America, the
Tibetan Highlands, and the Central Highlands of Mexico.
For our present purposes Figure V-7 illustrates the long term,
large scale, spatial variability of atmospheric water vapor in the
northern hemisphere.
Figures V-8 and V-9 give some idea of the seasonal variability of
of precipitable water in the northern hemisphere. They are the summer
and winter equivalents to Figure V-7. The important differences to
note are the general increase of water vapor everywhere during the summer
period. This is reflected in the seasonal zonal averages as shown in
Figure V-l. It also should be noted that there are no dramatic changes
in the patterns from summer to winter. That is, dry areas remain dry
and moist areas generally remain moist.
The southern hemisphere yearly mean precipitable water distribution






Figure V-8. The mean distribution of precipitable water in
vapor form over the northern hemisphere during
summer. Units are gm/cm2. Data are from the













Figure V-9. The mean distribution of precipitable water in
vapor form over the northern hemisphere during
winter. Units are in gm/cm 2. Data are from the





Figure V-lO. The annual mean distribution of precipitable
water in vapor form over the2southern
hemisphere. Units are gm/cm . Data are
from the IGY (1958). (Courtesy of Dr. J.P.
Peixoto, M.I.T.)
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greatly influenced by the presence or absence of land. Patterns over
water areas show a marked skewness tcward the western boundaries of
of large land masses. The most obvious example of this being on the
west coast of South America. There is less data for the southern hemis-
phere but the large areas of water where data is scarce would be ex-
pected to show uniform conditions as are depicted in the Figure.
The summer and winter distributions of water vapor in the southern
hemisphere are depicted in Figures V-ll and V-12, respectively. The
poleward trend in the isolines during summer and the equatorward trend
in winter is similar to the northern hemispheric patterns. Again dry
areas generally remain dry and moist areas moist from winter to summer.
(2) Synoptic Scale Variations
When we speak of synoptic scale disturbances we mean the scale upon
which weather systems develop and move - of the order of lO00 to 2000
kilometers. The variations between the moisture contents of juxta-
posed air masses are those which concern us. From Figure V-6 it can be
P
seen that the major variability occurs in lower middle latitudes and
!
subtropical latitudes. The most contrast occurs when dry arctic or
continental polar air masses move equatorward to mix with moist tropical
air masses moving poleward. The contrast in absolute humidity across
these air masses is greatest near their common border because of the
moisture carried aloft in the strong vertical motions. However, the
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oFigure V-11. The mean distribution of precipitable water
in vapor form over the southern hemisphere
during summer. Units are gm/cm2. Data are





Figure V-12. The mean distribution'of precipitable water
in vapor form over the southern hemisphere
during winter. Units are gm/cm2. Data are
from the IGY (1958). (Courtesy of Dr. J.P.
Peixoto, M.I.T.)
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mean moisture in the air masses is less than these extremes. The p_esence
of widespread cloudiness is indicative of saturated moisture conditions
at the cloud levels. Extensive clouds, however, are often part of
overrunning conditions along a warm frontal zone and exist over
only a small area along the border between the two air masses.
The maximum precipitable water vapor for a well defined air mass
appears to be about 5.5 to 6 gm/cm 2 and this occurs only in very warm
tropical latitudes. Extreme values occur over the Bay of Bengal, central
South America, Southern India, Central Africa and various oceanic
regions along the equator.
As examples of the annual and seasonal mean conditions one can expect
on the synoptic scale size Figures V-13, V-14, and V-15 are presented.
They give conditons over the African continent for the year, the summer
season and the winter season. Again, close inspection shows that the
maximum seasonal difference is no more than approximately 2gm/cm 2
maximum and that normally the difference is much smaller. For the
African continent these maximum values occur about 25°S between the
continent and the island of Mozambique.
The precipitable water in vapor form as deduced by the U.S. Weather
Bureau on 16 June 1969 is shown in Figure V-16. This is a maturing
extratropical storm which is still centered in the Gulf of Mexico and
therefore has an excellent source of water vapor to draw from. The
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Figure V-13. The mean annual distribution of precipitable water in
vapor form over the African continent. Units are
gm/cm 2. Data are from the IGY (1958) (Peixoto and
Obasi, 1965.)
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Figure V-14. The mean distribution of precipitable water in
vapor form over the African continent in
summer. Units are gmlcm2. Data are from IGY
(1958}. (Peixoto and Obasi, 1965.)
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Figure V-IS. The mean distribution of precipitable water in
vapor form over the African continent in
winter. Units are gm/cm 2. Data are from the


























maximum value of the lsopleth of precipitable water is 3.82 cm (1.5
inches) and one can expect that nearer the center of the low pres-
sure area, the precipitable water vapor exceeds 4 cm.
The minimum value occurs out in the Midwest and is more than
one order of magnitude less than the maximum over the Gulf. The
lowest value reported was 0.36 cm (0.14 inches). Therefore, even
for a situation which has not been chosen for its uniqueness, the
contrast over synootic scale distances exceeds three centimeters of
preci pitable water.
The time scale for changes in water vapor as large as those
represented by the maximum and minimum in Figure V-16 is on the order
of l to 2 days depending upon the vigor and speed of frontal move-
ment. Typically, one can expect changes of l to 2 9m/cm 2 in periods
as short as l to 2 hours for a fast moving cold front. Changes
occurring ahead of a warm front may take, in contrast, from 6
P
hours to one day to change from a dry cool air mass to a warm
sector type air mass through the process of overrunning.
As one more reference point, the maximum precipitable water measured
over Boston in the summer of 1965 was 4.2 gm/cm 2 , the least was 1.2 gm/cm 2.
For the winter of 1965-66, the maximum was 3.5 gm/cm 2, the minimum 0.3
gm/cm 2. The average difference between contiguous air masses which
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moved over the Boston area was of the order of 2 to 2.5 gm/cm 2. The
general conclusion is that the maximum contrast or variability of the
water vapor between air masses appears to be of the order of 3 to 4 gm/cm 2.
Generally, however, the variability between adjacent air masses must be
considerably below these values because many air masses away from equa-
torial zones simply do not contain this amount of precipitable water.
(3) Meso- and Microscale Variations
As one examines smaller and smaller scale sizes, the maximum pre-
cipitable water approaches the theoretical maximum which the atmos-
phere can hold, which is a saturated condition from the surface upward.
For the Arctic Supplemental Atmosphere, (see Valley, 1965) this theo-
retical maximum is approximately 0.38 gm/cm 2. For the U.S. Standard
Atmosphere the value is approximately 2.6 gm/cm 2, and for the Supple-
mental Tropical Atmosphere, the value goes as high as 6.1 gm/cm 2.
For similar reasoning the absolute humidity encountered will also
approach a maximum as the scale decreases only being limited by
the absolute temperature. In many thunderstorms, saturated condi-
tions exist at temperatures as high as 20°C. The water vapor
density can therefore be as high as 20 to 25 gm/m 3 on the scale of
these cloud formations. The highest recorded absolute humidity is
_30 gm/m 3 corresponding to saturation at about 24°C (Valley, 1965).
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The data, as presented so far, takes into account only water
vapor in the troposphere and even then only in the lower part of the
troposphere. Some attention should be given to the water vapor distri-
bution above these levels.
The mixing ratio at the surface of the earth in midlatitudes is
of the order of 10 to 20 grams of water vapor for every 1000 grams of
dry air. The general trend is to have decreasing mixing ratios as
one ascends, martially because of diminishing temperatures, and partly
because the source for atmospheric water vapor is at the surface.
Few measurements of stratospheric water vapor exist, but from
those which do appear to be valid, the mixing ratio in the lower
stratosphere has been shown to be of the order of 2 to 3 Darts per
million (Mastenbrook and Purdy, 1969). That is, for every lO00
grams of dry air, approximately 2 or 3 x 10-3 grams of water vapor
exist, about two to three orders of magnitude less than at the sur-
face. The stratosphere appears to be very dry. 0nly a few measure-
ments have been taken to establish the spatial and temporal variations
in the stratosphere. They do not, as yet, show much variability from
the values quoted above.
In order tobring some complete picture together out of the dis-
cussions about precipitable water, vapor and its temporal and spatial
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variations, Figure V-17 is presented. It is an attempt to establish
some link between scale size and maximum precipitable water vapor,
and between scale size and maximum variability over a distance of two
scale sizes. It is hypothetical in the sense that no carefully nre-
pared set of statistics back it uo. It is drawn wholly from the information
presented so far and the experience which the authors have had developing
and working with atmospheric models.
B. Coupling Considerations Between Microwave Energy and Atmos-
pheric Water Vapor
Before we attempt to combine the theoretical results of Chapter II,
with the summary of the world wide water vapor distribution statistics
as given in part A of this chapter, it will prove useful to review some
important considerations about the coupling between the water vapor
distribution and microwave energy.
(l.) Weightin 9 Functions
A most useful concept is the weighting function. It can be defined
in a number of ways, but perhaps the simplest is that for water vapor
absorption given by:











WF l is the designation for this weighting function, YH20 is the
absorption coefficient in dB/m for some frequency and set of atmos-
pheric conditions, and p is the water vapor density in gm/m 3. Essen-
tially, it is the absorption per unit water vapor density per unit
length, typically given in decibels per gram per cubic meter per meter
(riB (gm/m3)-Im-l). It is the absorption which a layer of water vapor
one meter thick would cause at a density of one gram per cubic meter at
ambient pressure and temperature.
There is a second order effect of water vapor on its own broadening
parameter, hence there would be slight differences in WF l for the same
pressure and temperature if YH20 were measured at different water vapor
densities. However, the difference is so slight as to be unimportant
in most applications.
By the definition of WF l for the particular atmospheric conditions
which defined YH20 as a function of height, then the total opacity
can be written as
T(_) = f_ WFl p dz
where WF l is in dB(g/m3) -1 m-I , p
The shape of the WF l
(dB) (5-2)
is in g/m 3 and z is in meters.
curve as a function of height differs'depending
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upon whether the frequency chosen is on the resonant frequency of
a water vapor transition, near a resonant frequency, or somewhat
removed from such a resonance. The characteristic shapes of these
three spectral regions is shown in Figure V-18 taken from Gaut (1967).
The cdrvB for 22.235 GHz is exactly on the lowest water vapor
rotational transition resonant frequency. WF l for this condition is
proportional to I/P and therefore increases monotonically as pressure
decreases. The curve for 19.DO GHz is far enough removed from the
resonant frequency to show the characteristic non-resonant behavior,
that is a direct dependency upon pressure. Therefore, WF l for this
frequency decreases monotonically with the pressure. The curve for
WF l at 21.900 GHz shows a characteristic maximum. This occurs be-
cause of competing effects. Below the maximum the resonant effect,
proportional to I/_is dominant. Eventually the line narrows so much
as pressure decreases that the spectral region becomes essentially
a non-resonant region and decreases in direct proDortion to the
pressure. The height of the maximum is a function of frequency. The
vertical width of the half amplitude points is typically lO to 15 km.
The utility of the weighting function concept depends considerably
upon its stability from atmospheric profile to atmospheric profile. WF l
happens to be very stable as shown in Figure V-19 for a frequency of













Figure V-18. Weighting function WF1 for absorption versus
height for 19.0, 21.9 and 22.23S GHz.
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Figure V=19. The stability of the weighting function WF 1
at 19.0 GHz for various standard atmospheres
over the earth. (Gaut, 1968)
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the surface variation would be the greatest and would be less than )5%.
If the extreme Arctic atmosphere is removed, the variation is approximately
)l). The atmospheres are those given in Valley (1965).
A second weighting function which relates the emission of noise
energy by atmospheric water vapor to atmospheric conditions is that one
.which measures the contribution of a unit thickness of unit density
water vapor at some ambient condition to the energy received by a
radiometer at the ground viewing the zenith. We will call this weighting
function WF2 and define it as follows for those regions of the spectrum
in which the Rayleigh-Jeans approximation may be applied:
y (z,o)
WF2 TAT (z) H20 (z)e= (5-3)
p (z)
in which WF 2 is the weighting function for energy received at the
receiver on the surface usually given in °K (g/m3) -l m-l , TAT is
atmosphereic temperature in °K, YH20 is the absorption coefficient
in dB/m, p is water vapor density in g/m 3 and T(z,o) is the in-
tegrated opacity in nepers between the level z and the surface.
This weighting function WF 2 is a measure of the energy emitted
by a unit density, unit thick layer of water vapor at a temoerature
and pressure at some height, diminished by the absorption between





beneath it, this weighting function is more sensitive to the actual
water vapor distribution in the atmosphere than WF I. However, the
general shape of WF 2 is remarkably similar to WF l in regions of the
spectrum which are mostly transparent. Such a transparent region
extends everywhere below 40 GHz.
Figure V-20 gives the weighting functions WF 2 for the same fre-
quencies as used to illustrate WF I. The reason for the similarity
is that to first order, the emission is proportional to TATYH2 O, the
temperature of the atmosphere multiplied by the absorption coefficient.
Since the percentage change in temperature is small the shape conforms
to the YH20 curves. The stability of the 19.000 GHz curve over different
atmospheric conditions is depicted in Figure V-21.
The usefulness of WF l does not diminish as opacity increases.
Since the weighting function for absorption does not depend upon any
conditions outside the layer under consideration, the linear dependence
of total absorption on PH20 remains within very wide bounds.
The same is not true for WF 2. Because increasing opacity affects
the percentage of energy reaching the radiometer from any given layer,
the whole concept of WF 2 rapidly loses its invariance and becomes useful
only for a given set of water vapor, temperature and pressure conditions.


















WEIGHTING FUNCTION (Relative Unite)
Normalized weighting function WF 2 for a zenith viewing
radiometer at 19.00, 21.90, and 22.235 GHz as a function
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Figure V-21. Stability of the 'weighting function WF 2 at
190 GHz for various standard atmospheres
over the earth. (Gaut, 1968)
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energy received by a surface radiometer, Figure V-22 is presented. The
frequency is on the resonant peak of the second lowest rotational line
of water vapor at 183.310 GHI. In progressively more moist conditions
the energy received is confined more and more closely to the immediate
vicinity of the radiometer, reaching a minimum in the tropical example
in which go% of the energy is received from less than 125m. In the
arctic atmosphere the integrated water vapor is approximately 0.30
gm/cm2; in the midlatitude a_osphere approximately 2.0 gm/cm2; and
in the tropical atmosphere approximately 4.2 gm/cm2. The total o_acity
for each of these atmospheres at this freauency I._ approximately 16 dB,
96 dB and 212 dB respectively.
If one looks from space toward the earth's surface in frequency
intervals which exhibit large opacities, one sees only part way into
the atmosphere. The absorption is so great that one sees radiation
only from the top part of the atmosphere, and for' the frequencies near
193 GHz this means above the stratopause. Figure V-23 shows the
brightness temperature as a function of frequency for two atmospheres:
the Tropical Supplemental, and U.S. Standard Atmospheres both with
mixing ratios of 2 x lO-6 g/g in the straosphere and mesosphere. The
radiation in each case essentially originates in the 60 to 66 km re-
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Figure V-22. The percentage of total energy received by a
zenith viewing radiometer height at 183.310 GHz
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Figure V-23. The brightness temperature as seen by a satellite
viewing the nadir based radiometer in the vicinity
of the 183 GHz line in a tropical and midlatitude
atmosphere. [Gaut, 1968)
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(2.) The Relationship Between Water Vapor Variations and
Variations in The Energy Received by a Radiometer
The weighting function conceot is useful, with the restrictions
already mentioned, to now analyze the actual origin of the energy
which a radiometer receives from a hypothetical water vapor distribu-
tion and the expected coupling between variations in atmospheric water
vapor and signal variations at the radiometer.
The weighting function curve is derived from unit water vapor
density everywhere. The actual atmosphere, of course, normally dis-
tributes water vapor more like an exponential function so that
actual energy received at frequencies removed from resonances is
even more restricted to the lowest levels of the troposphere. FiQure
V-24 gives the example of WF 2 at 19.0 GHzmultinlied by the equatorial
distribution of water vapor density from Figure V-5. The result
emphasizes the dominant role of the lower troposphere; more than
50% of the signal is received from below 1.5 km.
With the curve of (WF2 x p) in mind, one can easily visualize
the influence of fluctuations in water vapor at any level in the at-
mosphere. The area under this curve represents the total energy
received by the radiometer, call it A. If, for example fluctuations
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kilometer laver the fractional change in surface signal would be
proportional to a/A where !a' is the area between the ordinate values
2 and 3 km and the curve (WF2 x p). In the case illustrated by Fiaure
V-24, if 'A' is equal to unity, then 'a' is equal to 0.15. Since the
signal for this example-is 23.4°K, the variation caused by the one
hundred percent fluctuation between 2 and 3 km is "3.5°K, and easily
measurable variation.
In conditions in which the opacity is high, the simple aDproach
outlined above is not applicable. In that case, any change in water
vaoor on any level will influence the radiation which originates above
that level. The only sure analysis of signal fluctuations is to compute
in detail the signal and weighting function for both normal and per-
turbed conditions. Further, since the couplinQ in the high opacity
case is so complete, differences in temperature cannot be ignored, as
brought out in Figure V-23.
(3.) The Effect of Viewin 9 Geometry
Not only will the degree of coupling, that is the opacity, affect
the signal variability for a given set of water vapor conditions, but
so will the viewing geometry. For exactly the same set of water vapor
variations and radiometer design, different signal variations will be
evident.
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To illustrate this difference refer to Figure V-25. Because the
bulk of the water vapor is found in a layer only several kilometers
thick, there is a drastic difference in the volume sampled by an up-
ward looking radiometer from the surface and a downward looking
radiometer from space. A radiometer with a 3° beamwidth looking up
sees, at the 5 km level, a circle approximately 250m in diameter. A
down looking radiometer from 160 km sees a spot 8 km in diameter at
the surface. The smoothing effect for water vapor variability is
very pronounced between scale sizes of 250m and 8 km.
C. Representative Absorption and Noise Energy Computations
The information so far presented on water vaoor and water vapor
spectra can be utilized in a number of ways. In this part of the
chapter, several examples of what can be done are presented.
(1) Atmospheric Water Vapor Spectra
Basic to all computations is the requirement to compute atmospheric
spectra for various atmospheres and water vapor distributions. Figure
V-26 presents the opacity of the atmosphere in decibels as a function
of the frequency in GH2. The atmospheres and water vapor distributions
correspond roughly to the mean annual zonal average of water vapor
taken from Figure V-l at the equator (4.5 gm/cm2), at 30° from the
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Figure V-26. The opacity due to atmospheric water vapor
between 10 and 350 GHz for 0.5, 2.5 and 4.S
gm/cm 2, corresponding approximately to mean
zonal valms at 0F', 30_N and 90 °N.
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If we first examine the spectrum up to 300 GH_, the nominal limit
for microwaves, several features can be seen: (1) the maximum opacity
attained is on the peak of the 183 GHz line and exceeds 200 dB for the
tropical case; (2) the minimum between the 22 GHz and 183 GHz line
occurs between 29 and 35 GHz and ranges between 0.03 and 0.3 dB;
the minimum between the 183 GHz and 324 GHz line occurs in the region
of 210 GHz to 225 GHz and exhibits opacities between 1.5 dB and
approximately 13 dB.
Above 300 GHz the minimum value expected is at 300 GHz. In the
arctic case the opacity computed is 3 dB. In the tropical case at
300 GHz, the value increases to well above 20 dB.
A second useful means of presenting atmospheric absorotion
data can be made for a particular geographical location. Fipure V-27
presents such data for La Jolla, California. For this information
one year's worth of radiosonde data was analyzed for the water vapor
statistics, and the absorption statistics computed from these statistics.
The curves show the mean absorption and the one sigma limits about this
mean for water vapor absorption alone. The contribution of clouds or
oxygen were not included in these curves. Clouds will be discussed in
the next chapter. It is interesting to note that the mean and the
one sigma curves do not vary much from the arctic, midlatitude, and



































h -_ _ .,- .C:









Rather than presenting absorption data with fixed water vapor and
variable frequency, the frequency can be held constant and the water
vapor varied. Figures V-28 and V-29 are plots using this latter format.
Figure V-28 presents atmospheric opacity T as a function of nrecioi-
table water W at various frequencies for a mid-latitude atmosphere.
The plots show up as curves on the log-linear plot but in reality
are quite linear with W. The log-linear plot was used in order to
display all of the frequencies.
Figure V-29 plots the total brightness temperature due to water
vapor alone for zenith viewing radiometer. This last point should be
emphasized. In addition to the contribution which is shown, absorption
due to oxygen must be added. For the frequencies chosen oxygen is
relatively important only at 12 GHz. For those freauencies for which
the atmosphere remains mostly transparent, the curves of TB versus W
are quite linear in precipitable water. At those frequencies which
are more opaque the brightness temperature approaches the mean temper-
ature of the atmosphere and saturates. At the highest frequencies,
only miniscule amounts of water vapor do not produce saturation.
The frequencies displayed on Figures V-28 and V-29 were chosen
to represent window and resonant peaks of the region between lO GHz














Atlospheric opacity due to water vapor alone
versus precipitable water in vapor form for
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Figure V-29. Atmospheric brightness temperature due to water
vapor alone of a zenith viewing radiometer
versus precipitable water in vapor form for
12, 22, 32, 97, 182, 222 and 322 GHz.
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22 GHZ is near the lowest water vapor resonance (22.235 GHz);
32 GHZ is in the region of minimum absorption between the lowest line
and the next to lowest line (183.310 GHz); 97 GHz is near the minimum
absorption which occurs above the oxygen complex of lines near 50-70 GHz
but below the single oxygen line at 118 GHz; 182 GHz is near the
peak of the second lowest frequency water vapor line; 222 GHz is near
the minimum value between the 183 GHz water vapor line and the two
lines near 324 GHz; and 322 GHz is near the peak of these last two
I i nes.
A final format for the presentation of atmospheric water vapor
radiation data is used in Figures V-30 through V-41. Its purpose is
to bring out the spatial distribution of absorption and noise energy
for mean conditions. It can be used for preliminary planning pur-
poses both for communication design and earth observations appli-
cations. In Figures V-30 through V-41 the northern and southern
hemisphere precipitable water distributions are translated into dis-
tributions of absorption and noise energy for the frequencies 12 GHz,
32 GHzand 97 GHz. At a glance one can get a feel for the range of
values to be expected and their distribution over the earth.
The maximum absorptions at 12, 32 and 97 GHz are 0.08, 0.4, and
131
2.7 dB respectively. These translate into noise energies of 5° , 25° ,
and 130°K, respectively. Patterns remain the same as the correspondina
precipitable water maps because at no time does the linearity seriously




Figure V-30. The mean annual distribution over the northern
hemisphere of total atmospheric opacity
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Figure V-31. The mean annual distribution over the southern
hemisphere of total atmospheric opacity T





Figure V-32. The mean annual distribution over the northern
hemisphere of total atmospheric opacity










Figure V-33. The mean annual distribution over the southern
hemisphere of total atmospheric opacity
due to water vapor alone at 32 GHz, for a
zenith viewing radiometer.
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/Figure V-34. The mean annual distribution over the northern
hemisphere of total atmospheric opacity T
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Figure V-35. The mean annual distribution over the southern
hemisphere of total atmospheric opacity T
due to water vapor alone at 97 GHz, for a
zenith viewing radiometer.
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Figure V-36. The mean annual distribution over the northern
hemisphere of brightness temperature T B due to








Figure V-37. The mean annual distribution over the southern
hemisphere of brightness temperature T B due to
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Figure V-38. The mean annual distribution over the northern
hemisphere o£ brightness temperature TB due to
water vapor alone at 52 GHz.
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Figure V-39. The mean annual distribution over the southern
hemisphere of brightness temperature TB due to












Figure V-40. The mean annual distribution over the northern
hemisphere of brightness temperature T B due to




Figure V-41. The mean annual distribution over the southern
hemisphere of brightness temperature TB due to
water vapor alone at 97 GHz.
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VI. THE VARIABILITY OF LIQUID WATER AND ICE IN THE AI'MOSPHERE AND
ITS RELATIONSHIP TO RADIOI_'TRIC OBSERVATIONS
In this Chapter several topics related to radtometrtc observations
through clouds are discussed: First, the distribution of water and
ice tn Individual clouds is reviewed; second, the spattal distribu-
tion of these clouds on several scales ts discussed; third, the
results of several theoretical and experimental radtometrtc studies of
clouds are presented; and fourth, the radiational characteristics of
the nine teen cloud models presented in Chapter IV are given at wave-
lengths from lO p to 10 on.
A. The Distribution of Water and Ice in the Atmosphere
A discussion of the spatial and temporal distribution of liquid
water and Ice in the atmosphere Is more a_Iguous than a similar dls-
cussion of water vapor. The reason for thls is that there have been no
systematic measurements carried out on a global basis to record liquid
and frozen water in the atmosphere. No economical method to easily
measure the water content of clouds has been available.
Because of the lack of quantitative information about the large
scale statistical distribution of cloud water content, it will be more
convenient to discuss the features of individual clouds and cloud forma-
tions first and then speculate as to how these are related to the
statistical patterns on a synoptic and planetary scale.
(l.) Ice Clouds
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Several forms of ice clouds exist. The most common are cirrus
clouds, the phystcal details of which were discussed in Chanter III.
The densitv of cirrus clouds usually does not exceed 0.Sq/m 3 and
normally is less than 0.1Q/m 3. The thickness of cirrus can range
from a few hundred meters to several thousand meters. It can be
fnund at many altitudes, but most consistently at and below the tropo-
pa use.
The total precipitable water represented by cirrus is low. (A
cirrus cloud 5 kilometers thick and 0.1q/m 3 averaae density wnuld
contribute only 0.5 nm/cm 2 to the total precipitable water.) The
effectiveness of cirrus as an absorber and scatterer at microwave
frequencies is reduced approximately one order of maanitude from the
same mass in liquid droplet form. (This can be seen by comparinq
Figures III-16 and III-17.) The importance of cirrus, therefore, to
microwave observations is not as qreat as the importance of liouid
water clouds. However, as one moves into the infrared reaion, say below
400u, cirrus rapidly becomes a very important consideration to earth
observations.
There is a orowtno body of information that cirrus occurs more
often and over greater areal extent than was suspected some years ago.
Very thin cirrus which covers the dome of the sky many times cannot be
detected visually from the surface. However, discrepancies between the
radiance expected at the surface from water vapor and ozone above have
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led to at least one measurement procram which gives credence to the
possibility that cirrus is more widespread than has been indicated
by visual observations (see Hall IV68).
Over the tropics extensive sheets of cirrus are very counon
and are perhaps more normal than cirrus free areas. Cirrus associated
with frontal systems commonly cover areas with linear dimensions as
large as 2400 by 800 km. Transcontinental flights across the U.S. have
shown conditions where visible cirrus has existed over three ou_rt_r_
of the continental area (Valley, 1965). Further, data from the Sills
infrared temperature and water vapor sounding experiment on NIMBUS
has tentatively shown that as much as 70-80 percent of the observations
are contaminated with clouds of one kind or another, much of which is
thin cirrus.
Snow and hail play a more uncertain role in the radiation picture
at microwave frequencies. Dry snow and dry hail have many of the attri-
butes of cirrus, being less effective than an equal amount of llouid
water in absorblnq and scatterlno radiation. The exact role of snow is
complicated because no comprehensive theory exists which can rigorously
handle the complex geometrical shapes which occur In snowflakes.
Ben snow, or for that matter hall, beoins to melt it becomes a
very complex multiple layered dielectric which can have a scattering
and absorption cross-section at least equal and probably greater than
water of equivalent drop size and mass. No attempt in this study is m_de
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to model these con_)lex Dartlcles.
(2.) Stratlform Water Clouds
Gentle, uniform vertical motion over a wide area (lives rise to
stratiform clouds. Their common names are related to their heioht of
occurrence or other special identifying features. Stratus clouds are
usually low, very uniform, of medium density, and not too thick.
Alto-stratus clouds occur at medium levels (_200(I m) and many times comes
in multiple layers. They are an important source of uniform, continuous
rain and snow. Nimbo-stratus clouds are normally associated with warm
frontal conditions and produce heavy, continuous rain. Each of these
types shows characteristic densities, drol) size distributions and ranaes
of total precipitable water.
Liquid water densities as measured in clouds are reviewed in
Fletcher (1966). TableVI-l below is a condensation of the results com-
piled in Chapter l of that reference.
Table VI-l. Cloud Liquid Water Characteristics
Cloud Type Aver. Max. Dens.
Stratus )
Average Liq. Dens.















From the table one can see that stratiform clouds in qeneral have
less averaqe li(luid water density and a much more restricted ran(le of
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measured values than do the cumullform type of clouds. These densities
immediately throw some light on the integrated amount of liquid water
to expect from stratifonn clouds. If the average density of 0.25 g/m 3
is taken for an example, then it requires a cloud of this average den-
sity ten kilometers thick to provide an integrated value of 0.25 q/cm 2.
Contrast this with the average prectpttable water in vaoor form over the
globe of 2.6 g/cm 2.
The drop size distribution for stratiform clouds has not been
studied as extensively as for cumultform clouds. In general drnplet
sizes tend to be larger in stratiform clouds, fewer in number, and more
spread toward laroer drop sizes than cumuliform drop size distributions.
Figure VI-1 presents the results of one set of measurements on the droo
size distributions from different types of clouds on an arbitrary drop
number density scale. The curves are quoted in Fletcher but were nre-
pared by Diem (1948). Nimbostratus shows up as a broad distribution with
a broad maximum near 10p and a significant number of droplets out a_ far
as 40u. The mean fair weather cumulus Curve shows a much more peaked and
narrow distribution. (It should be noted that the distributions depend
somewhat upon the sampltno technique. No system known oDerates without
a bias toward some part of the st ze spectrum.)
Significant stratus clouds appear much more frequently in mid-lati-
tudes than tn the tropics. They are characteristic of the larqe movinq





































hundreds of miles in extent. They will not, however, be of even thick-
ness and density over such large areas. It is impossible to accurately
correlate the visual image of a cloud sheet with its water content.
Infrared temperature measurements of the tops of clouds give some in-
formation in some cases but can only helo to make a more intelligent
guess about the density and integrated value of the liquid water content.
(3.) Cumultfom Clouds
Cumulus type clouds oriqtnate from convective orocesses and there-
fore tend to be localized with prima_v development in the vertical.
They ordinarily show htqher densities than stratiform clouds, much more
variability, and are the forms of clouds which produce the maximum in-
tegrated l!quid water.
The density of cloud liquid water in cumulus clouds, carefully
distlngulshlnq this form from raindrops, is normally below l gm/m 3, as
indicated in Table Vl-l. Great variability, however, occurs within a cloud
in both the horizontal and vertical directions both in droDlet concen-
tration and liquid water concentration. Generally, however, judging
from the work of Warner (1955)and aufm Kampe and Weickmann (!957) the
liquid water content in a cumulus cloud increases to within one or two
thousand feet of the top.
To provide some feel for the variabllitv of the water content and


























































































































































abridged from a similar table presented tn Squires (lg58). The most
important points to notice from this table are that any model cloud
which uses a single drop size distribution and a smooth or invarlant
liquid water density will not conform to the observed facts. Never-
theless, the single distribution approach has already been adopted
in Chapter IV for the cloud modeling as a matter of practlcalitv.
When one analyzes the effect of the variable drop size distribution, it
is apparent that two parameters which must be modeled correctly to
predict the micr_vave spectrum are the averaqe liquid water content as
a function of temoerature, and the concentration of drops in the size
range which causes scattering.
Maximum cloud liquid water concentrations occur in thunderstorms,
but from measurements taken in these clouds it is very doubtful that
rain can be separated from the cloud component. Cumulus congestus
clouds, which are clearly non-preclpitatln_, have shown densities as
high as 6 gm/m 3 (aufm Kampe and Weickmann, 1957). It is conceivable,
therefore, that the maximum density one can expect in cloud form Is some-
where near 6 to 8 cnn/m3.
The maximum precipltable water in cloud droplet form favors cumulus
clouds again because of their great vertical develoment. Thunderstorms
have been observed to too out above 20 kin. If they hold one half the max-
imum liquid water density over the lower half of their vertical extent
and one eighth of this on the average in the top half, the total Drecipi-
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table water in cloud droplet form would be 5 _n/cm 2. Thts would be in
addition to water vapor and liquid water in the form of raindrops.
This contrasts with values below l gm/cm 2 for most stratlform clouds
even when they are raining.
(4.) Rain
Rain in the form of droplets above IOOp and below l on _otentlally
represents the greatest concentration of liquid water in the atmosphere.
However, it is highly variable depending upon the rain rate. Rain fall-
ing from thin stratlform clouds at a rate of several millimeters per
hour will have a density of approximately one-tenth gm/m 3 (Crane, lg66).
Whereas, rain rates in the middle of well developed thunderstorms will
approach 300 mm/hr. (Valley, 1965) and exhibit water densities in excess
of lO gm/m 3. 25.4 millimeters l hour (l inch) of falling rain in stagnant
air would mean a density of approximately 1.15 gm/m 3.
The integrated water content in raindrop form in a vertical column
is highly variable. In stratiform clouds one would exnect less total
water than In cumulus clouds. A uniform 25.4 mm/hr rain from stratiform
clouds mioht expect to contribute 0.5 to l gm/cm 2 of total liquid water
in a vertical column depending upon the deoth of the cloud and the vigor
of the updrafts. Through the core of a well developed thunderstorm as
much as 6 to 7 gm/cm 2 of rain water can be suspended in the violent up-
drafts which are characteristic of cumulonimbus clouds.
The statistical global distribution of cloud liquid water and rain
is unknown. However, the distribution must be somethlno like that for
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water vapor shown tn Ftgure V-3. The reasons are similar: warm moist
air is found,in general,closer to the equator and at lower altitudes.
Therefore, when one ftnally averages in time and around latttude ctrcles,
one should find more cloud and rain drops suspended in the atmosphere
closer to the equator and at lower altitudes. It is entirely likely,
however, that there will be some height at which the average suspended
water will be a maximum because of the fact most clouds do not intercept
the surface.
In an attempt to bring some of the numbers into focus about the
relationship between scale sizes of clouds, rain formations and the pre-
cipitable water retained in the atmosphere by these forms Figure VI-2
has been drawn. Like Figure V-17 it is an attempt to relate the expected
meximum preclpltable water in the atmosphere in cloud and rain dro_ form
to the scale slze on which these maxima might be found. Like Figure V-17,
it is hypothetical and based solely on the information represented by
the references quoted and the experience of the authors in modeling clouds.
B. Radiometric Studies of Clouds
Several recent theoretical and experimental study programs concern-
ing clouds show results which are important to review for the present
purposes. They provide insights into three questions: (I) What is the
effect of height on the absorption and emission of clouds? (Z) What
emission characteristics would a real extended cloud check exhtbtt?
(3) At what frequencies do different cloud types begin to beoome opaque?
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(1.) Cloud Weighting Function
To assess the dependence of cloud height on cloud absorption
Figure VI-3 is presented. It is taken from Retfenstetn and Gaut (1971).
Thts Figure represents the vertical distribution of an absorotion
weighttna function for frequencies below 50 GHz and which have
absorotion properties described by the Rayletgh absorption exoression
Fliven in Chapter IIIo It may be expressed as
T (T,P, _
cloud
WF3(x'z)= W (z) neper (gm/cm2) -I (6-I)
in which WF 3 is the weighting function for total cloud opacity at the
wavelength _ and at the height z qiven in nepers (qm/cm2) -l. Tclnu d
is the total opacity of the cloud in nepers at height z where the
ten_perature is T OK and the pressure P millibars, and W is the tntal
liquid water content through the cloud in am/cm 2.
The computation of Tcloud is discussed In some depth in Chanters III
and IV and it is shown there that the Rayleigh approximation is inversely
proportional to temoerature. This shows up clearly in Fiqure VI-3. One
can think of the curves In the figure corresponding to the cloud opacity
abscisses as being the measured opacity of a cloud with l am/cm 2 of t_tal
liquid water in the vertical moved upward throuah the atmosphere. At
each level, the cloud takes on the temperature of the surroundlnos and
because of this has a different opacity at each level









of values for a mid-latitude atmosphere is less than three, while at
40 GHz the range is a factor of five in the mldlatltude atmosphere;
(2) the colder the cloud the more effectively it absorbs; and
(3) the effect is exaggerated for higher frequencies and for viewing
angles away from the madlr.
The lower abscissa on Figure VI-3 is an adaptation of the weight-
ing function conceot. If one assumes that the curves in the figure re-
present one neper of total opacity, then the scale at the bottom of
the figure corresponds to the total liquid water which would be needed
for a total opacity of one neper at the temperature found in the
model atmosphere at the height on the ordinate scale.
An example to illustrate the information contained in Figure VI-3
is the following: If a cloud were found at the 5 km level, then at
40 GHz, if the cloud has a total liquid water content of l gmlcm 2,
the total opacity is 5 nepers (21.7 dB), given by the upper abscissa
scale. If instead of assuminQ that the cloud holds I gm/cm 2 of liquid
water we assume that the cloud has a total opacity of I neper, then the
cloud holds 0.2 gmlcm 2 of total water in cloud droplet form, shown on
the lower abscissa scale.
(2.) Radiometric Properties of Model Clouds
As an extension of the weighting function concept, Figure VI-4
from Relfenstein and Gaut (1971) is presented. Here the concept of the l
neper (4.35dB) curves for cloud liquid water content are drawn again,












































































































37 GHzviewing at a 40 ° angle from the zenith. The equivalent total
water for the one neper opacity is given on the abscissa. Included on the
graph are representations of several of the cloud models given in Chapter
IV. The boxes include a range of values for liquid water content over a range
of heights. The purpose is to give some idea where clouds and rain become opaque.
This can be seen to happen for total liquid water conditions beyond about
0.3 gm/cm2 at 40 GHz.
Another curve taken from Reifenstein and Gaut (1971) is shown in
Figure VI-5 and is shown as an example of what the emission from clouds do to
observations over a calm ocean at 288°k. The viewing angle is 40° away
from the nadir and two polarizations are evaluated at 30, 35, and 40 GHz.
Drastic saturation effects of the low lying stratus begin to show at
total liquid water contents beyond about 0.2 gm/cm 2 corresponding to a cloud
with 2 gram/m 3 average liquid water density l km thick. This is a heavy
cloud but not unreasonable. The conclusion is that low lying stratus
will remain mostly transparent below 40 GHz (_-ldB) but probably cumulus clouds
will appear mostly quite opaque (>IdB).
A final set of curves from Reifenstein and Gaut (1971) are given in Figure
VI-6. These are derived by differentiating curves like those given in
This sensitivity curves isVI-5 to obtain dTBIdW and multiplying by W.
therefore given by
(6-2)
Severs] features of these curves are interesting to note. First,
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WATER CONTENT (gm/cm 2 )
.6
Figure Vl-5. Brightness temperature of the calm sea surface
through low-lying stratus in the mid-latitude
atmosphere, for three frequencies, as a function of


















brightness temperature (sky or surface) and the saturated temperature
of the cloud. Second, the width of the curves depend only upon the
frequency chosen, the viewing geometry, and the saturation temperature
in a very simple way. The peak of the curves occur at total liquid
water values which are exactly one half the values which cause l neDer
opacl tles.
The sensitivity curves are very useful to determine the properties
of clouds which a given radiometer conflquratlon can "see". Three
properties can be determined: (1) the minimum liquid water content
which can be detected; (2) the maximum liquid water content for which
a I00% change can be detected; (3) the minimum percentane change in
liquid water which can be detected for any given total liould water.
For an example, consider the followlnn: a radiometer has an
over-all system noise fluctuation of 2o K. A signal to noise ratio of
5 is needed to determine liquid water content of a cloud. Therefore a
lO° chan_e in siqnal Is required. For the 19.35 GHz curve in Finure VI-6,
the liquid water which initially gives a lO° signal is 0.16 om/cm 2. If
one moves across to the rlqht side of the 19.35 _Hz curve where it again
intersects the lO° ordinate value, at about 2.6 nm/cm', this is the last
value for which a lO0) or greater ,:hange in the water contenct can be detected.
Finally, one can determine what water content change can be detected for
a given total water content by the followlnq analysis: Using 0.4 gm/cm 2
as the total water content for an example read a value of approximately
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50° change for a I00) change of water content. Therefore, if I0° is
the needed change for detection, then one fifth of a lO0) change in
the water content is detectable or 0.04 qm/cm 2.
(3.) Radlometric Observations of Oceanic Clouds
In order to give some insight into actual radlometrlc measurements
of clouds over an ocean surface Floure Vl-7 has been included from
Gaut and Reifenstein (1970). It is a trace from the output of a 19.35
GHz radiometer viewlng the nadir from the NASA Convair 9go aircraft.
Figure Vl-7 is from a flight over the Gulf of Mexico which included a
flight path which carried the airplane over a cumulonimbus bullduo.
Case l is over very low patchy stratocumulus and represents values
very close to clear conditions over the ocean. Case 2 represents a
building cell probably in the cumulus con aestus stage. The cloud was
modeled to have a vertical extent of 7000 feet and an averane density
of 6 gm/m 3. The Inteorated water content was computed to be 1.38 am/cm 2.
This latter number is probably more accurate than the average density and
thickness, which combination gives the Integrated value. Measurements
of the cumulonimbus gave brightness temperatures which were close to if
not at saturation temperature for the cloud (270°K). Scatterlna nrocesses
were no doubt important and therefore the recovery of liquid water content
is doubtful.
The trace at the top of the Figure is the temperature measured by
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ambient tenl_eratures, and certain remarks are included in the bottom half
of the aranh. Time of observation and therefore distance is the abscissa,
brightness temperature the ordinate.
C. Absorption, Scatterin) and Other Characteristics of the
Clouds in the Cloud Catalogue
There is no way to summarize the effects of clouds on radiometric
observations from space in the same convenient world wide mad format as
presented in Chapter V for water vapor. The next best anproach in our
opinion to this is to establish many representative types of clouds, as
was done in Chapter IV, and aive enouoh data so that if the clouds of a
region are known, snmethlna can be said about their radlometric charac-
teristics.
In Appendix C, all of the nertinent scatterlno and absorption data
pertalninn to the 19 cloud models introduced in Chanter IV are sun_narized
layer by layer. From this information the absorntion and scatterlno be-
havior can be nlotted if desired, as a function of wavelenoth from no on
to no u. Of particular interest will be the scatterinq and absorDtion
depths as a function of wavelenoth because this curve will establish
where the opacity of a oiven cloud conflouration becomes too areat for
a niven observational purpose.
The information included in the tables of Anpendix C are con_uted
at a temnerature of 298°K because, even thouqh the dielectric constant
of pure water is known at microwave wavelenQths as a function of tem-
perature, this is not true at infrared wavelengths. To be consistent
therefore, the whole spectrum was computed at 298°K.
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VII. CONCLUSIONS AND RECOMMENDATIONS
The most imnortant conclusion from this report is that we now
have the tools and understanding to model the majority of conditions
which occur in the natural atmosphere for their radiational oroperties
over the spectral region l cm to about 200 u. Linked to accurate
statistical information about the atmosohere, excellent nlannina in-
formation can be nenerated for any purpose: communications, earth
observations, or noise energy.
The outstanding weak points are: (1) a lack of definitive data
for the comnlex index of refraction for ice as a function of temoera-
ture, especially in the middle infrared region; (2) lack of exnerimental
data for the water vapor spectrum at wavelenaths shorter than 300 microns;
(3) a lack of statistical information about the distribution o_ linuid
water and ice suspended in the atmosphere over the globe, or for that matter
over a sinqle aeo_ranhical location; and (4) lack of extensive correlative
information linkina cloud types and characteristics with cloud water con-
tent.
Recommendations which would further our knowledge in this aeneral
area of absorption, scatterinn and emission by the atmosnhere are em-
bodied in the following thoughts:
I. Experimental work could be nrofitably devoted to
establlshinq the index of refraction of ice over
the entire spectral reoion of interest at represen-
tative temperatures found in the atmosphere.
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2. Careful laboratory experiments to eltabltsh the
valtdtty of the computed absorption coefficient
beyond 1000 GHz are needed.
3. Field measurements at one locatton wtth a water
vapor-cloud radiometer to establish a statistical
link between cloud type and cloud water content
would be very. useful to begin the job of aather-
Ing cloud opacity data world wide.
4. Careful studies of the simultaneous cloud water
content measurements, infrared and visual Imaaes
from NIMBUS E and F would be a very useful study
to perform.
5. In the time between now and launch of NIMBUS E
there should be an optlmu_n method developed to invert
the water vapor-cloud data from )II)_BUSE.
6. Conversion of the M.I.T. Planetary Circulations
Library data on atmospheric water vapor to a more
detailed analysis of the statistical attenuation
properties of various regions and the globe should
be done for _ore accurate plannino purposes.
7. The theoretical methods developed in this study should
be continued In detail, from where they now have been
carried, on out to lO ,, establlshlno or identifying
optimum band models which are economical In computer
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otime for the infrared part of the spectrum.
The needs of NASA should be established for
the type of information which can be qenerated
by the methods outlined in this report and
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WATER-VAPOR ROTATIONAL SPECTRAL-LINE PARAMETERS
The following table contains the constants used in Eq. 2-5 of
Chapter II for the computation of the water vapor rotational spectrum
to 1350 GHz. The values tabulated are those compiled by Gaut (1968)
for the 54 lowest frequency lines of water vapor. The line designa-
tion is given in column 1 in the JK-1,K+I notation (e.g. the 52, 5 ÷
61, 6 transition is designated 5-2,3 _ 6-1,6). Column 2 contains the
line frequency in GHz, column 5 the parity used for the determination
of the factor gij of Eq. 2-5, which is i for "EEO0 '_ 6"OOEE"6-3 for "EOOE"
or "OEEO" parities. Column 4 gives the line strength Sij, columns 5
and 6 the lower and upper term (energy) values El, Ej, and column 7
the line width in air used in Eq. 2-11 for the determination of the "
spectral line width. The linewidth in water vapor given in column 8
is used for the computation of the factor _ in Eq. 2-11 by the follow-
ing (see Gaut, 1968) :
a = 0.00460 [ (AvH20)(A_)° - 1] (A-l)
Finally, column 9 contains the exponent describing the temperature






































































CLOUD MODEL DISTRIBUTION FUNCTIONS
The Deirmendjian (1964) distribution functions for the cloud
models tabulated in Chapter IV are given on the following pages.
For each cloud model, the parameters are tabulated layer-by-layer,
followed by _ log-log plot of the distribution functions. The base
and top height are given in meters in columns 1 and 2, the mass
density in column 3, followed by the mode radius, and the shape
parameters C1 and C2 in columns 4 to 6. Column 7 indicates the
composition of each layer, as liquid, rain, or ice. The symbols used
to trace the distribution functions in the computer-generated plots
refer to the layer numbers of the model.
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CLOUD MODEL DISTRIBUTION FUNCTIONS
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14-1 ALTOSTRATUS ROOO-9P, SO F'T
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20-2 LOW-LYING STRATUS 1_00-3000 FT
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I ZRASE I ZTOP I BENSITY I N(MOOE) I Cl I C2 I COMP. I
I METERS I METFRS I G/_e3 I MICRON I I I I
I $00.0 I 1000.0 I _.250 I lO.O0 I 6.00 I I.O0 I LIOo I
CLOUD MODEL DISTRIBUTION FUNCTIONS
0o0 |,00 2.00 3°00 4°00 S,O0
1.00 • ......... * ......... 4,......... 4, ......... • ......... • ......... • ......... • ......... • ......... • ......... •










I 11111 I I I I
I lI I 11 I I I I
I II I I I I I I
• II • I • • " "
I I I 1 l l I I
I 1 I I I I !
I I I I I I I I
I I I I I I I
-12.50
• ---II .... • ......... • ......... I ......... * ......... • ......... • ......... • ......... • ......... " ......... •
I 1 I I I I I
I I I I I I I I
II I I I I I
I I I I I I
I • I • ; • ;
I I I I
I I I I I I
1 I I I I I
I I I I I I I
• • ,D • • • • # • ¢' ¢'
I I I I I I
I ! I I I !
I I 1 I I I I
I I I I I I
I I I I I I
I I 1 I I I I
I I I I I I
I I I I I I
• • 4. 4, 4, • • • • • •.... . ................. . ............................................................... .------
I I I ! I !
I I I ! I I
I I 1 I I I I
! I I I I I
; ; ; ; ; ;
! I I | I I
I I I I I I
l l I I I l l
• 4, • • • • • • • • •._.--.--. ........................... . ........ . ........ . ............. . ...................... .
I I I I I I
I I I I I I
I I I I I I
I I I I I I
• • • • • •
I I I I | I
l l I l I l l
I I I I I I











0.0 1.00 2.00 3.00 4.00 S,O0
LOG DROP RADIUS MICRONS
182
2_-] FOG LAYER, GHOUNN TO |50 FT
============================================================================================
I ZBASE t ZTOP I OF_SITY t H(MO_E) I C| I C2 I COMP. I
I MFTERS t METEQS I G/wee3 I MICPON I I I I
























CLOUD NODEL DISTRIBUTION FUNCTIONS
0.0 1.00 2.00 3°00 _..00 S.O0
• ----- ...... • - ............ • - ........................................4k • 4. • • . ............... • • . ........ •
I I I I I I
I I 111111 I I I I
I I 1 1 I I I I
I II 1 I ! I I
• 1 1 •1 ; ; ;
I ! I 1 I I I I
I | I I I I I
I 1 I 1 I I I I
• ......... •---1 ..... • ......... 4.......... • ......... • ......... • ......... •__. ...... 4"........ .• ........ .•
I 1 I I I I I
I 1 I I I I I
I 1 I 1 I I I I
I | I I I I I
• | • •1 ; ; ;
I II I I I I I I
I 1 I I I ! I
I 1 I I I I I
I 1 I I I I I
I I | I I I I
I I I I I I
I I I I I !
• . . , , •I I I I
I I I I I I
I I I I I I
I I 1 I I I I
I I I I I I
I I I I I I
I I I I I I
I I I I I !
; ; ; ; ; ;
I I I I ! I
I I 1 I I I I
I I I I I I
I I I I I I
I I I I I I
I ! I I I I
I I I I I !
• • • • • •
I I I I I I
I I I I I I












1 I I I I
-17.00 • ......... • ......... • ......... • ......... • ......... • ......... • ......... • ......... • ......... . ......... • -17.00
0.0 1.00 _'.00 3.00 4.00 5.00




I ZRASE I /TOP I DENSITY I R(MODE) I CI I C2 I COWP. I
I METERS I METFRS I G/M*4.] I MICRON I I I I
I 0.0 i 1500,0 I 0.001 I 0.05 I 1,00 I 0.50 I LIQ. I
• ............ • ............ ÷ ............ ÷ ............ • ............ • ............ • ............ •
CLOUD MODEL DISTRIBUTION FUNCTIONS
0.0 I.O0 2.00 3.00 4.00 5.00
4.00 1 ......... * ......... * ......... • ......... • ......... • ......... * ......... • ......... * ......... • ......... •










I I I I I I
I I I I I I
1 I ! I I I
I " " ; ; "I I I I I
I I I I I I
I 1 I I I I I
I I I I I I
-13.10
• ....... i-• ......... • ......... • ......... • ......... • ......... • ......... • ......... • ......... • ......... •
I I I I I I
I 1 I I I I I
I I I I I I
I 1 I I I I I
; ; ;
I I I I I I I
I I I I I I





• ................................................................• | • • • • • • . ........................• • • -_°60
I 1 I I I I
I I I I I I
I I I I I I
I 1 I I I I
I I I I I I
I I I I I I
I I I I I I
I I I I I I I
I ! ! I I I
I l ! I I I
I i I I I I
I I I I I ! I
; ; ; ; ; ;
I I I I I I
I I I I I I
l I l l I I
I l I l l l
l l l l l I
I I l I I l
I I l I l I
4. • 4. • • •
I I I I I I
I I I I I I
I I 1 I I I I






--_Se O0 4.--" ..... "" 4......... . 4. .. ..................................• • • • . ..................... • • ------ .... • ------- • - |_, O0
0.0 1.00 2.00 3.00 4.00 S.O0




| 7_A%F I 7ToP I r)Fh%] TY I R (MOI)E) I C| | C2 I COW,P I
I MF TFk'C_ | ME T=-k'S t GlWt*3 I MICRON I I I I
÷ ............ 4............. 4............. ÷-.._ .......... • ............ ._............ • ............ 4_
I 0.0 I _00.0 I . l.O00 I ZOoO0 I 6.00 I OoSO I RAIN I
I _,1')0 o 0 I lO00.O I ZOO00 I lO.O0 I 6.00 I 0.50 I LIOo I
;.... ;;;;%--;.... ..... ;-;;7-; ..... ;;-;7-; .... ;% .... ;.... ;-;;.... ;.... ;_;;..... ;
• ............ • ............ ,_ ............ + ............ • ............ • ............ • ............ 4.
CLOUO NOEL DISTRIBUTION FUNCTIONS
1000 2.000.0 3.00 4000 5000
1000 + ......... * ......... + ......... + ......... +......... + ......... * ......... * ......... + ......... + ......... * 1.00
I I I I I I
I 222 2222 2 I I I I
I 22 33 3333 2 I I I I
I ZZ 3 3 I 332 , I I I I
-o. lo • 2 33 • 3z • • • • -o.zo
I 2 3 I 3 2 I I I I
I 233 I 32 I I I I
I 23 I 11 I I I I
I 2 3 l Ill ll 32 I I I I
* 23 • l+ " 3 + + + + + + + -1020-1.20
I 23 11 I 2 I I I I
123 1 I 31 I I I I
23 1 I 21 I I I I
2 1 I 3 I I I I I
-2.30 3 I + 2 + • • • -2.30
3 1 I 1 I I I I
3 1 I 3 I I I I
3 l I 211 I I I
I " 1 I 3 I I I I
+ .... I .... + ......... + ......... • ......... +I ........ • ......... + ......... + ......... + ......... • ......... + -3.40-3.40
I 1 I 2 I I I I
I I 3 I 1 I I I
I 1 I I I I I
I 1 I I I I I"
-4.50 .+ + 2 I • • • -+.50
I I 3 I I I
I I I I I I
I I 12 1 I I I
I I I I I I
+ ......... + ......... + ......... • ......... *3 ........ + ......... + ......... • ......... • ......... • ......... • -5.60o5060
I I I I I I I
I I I I I I
I I I Z I I I
I I I 3 I I I
-6070 • I
, ; ; ; ; ; -,.,0
I I I 2 I I I
I I I I I I
I I I 3 | I I I
-7.80
I I I I I I
I I I I I I
I I I 2 I I I
I I I 3 I I I I
-8.qO • • + + •, • -8.qo
I I I I I I
I I I I I I
I I I I I I
I I I I I I
• -I0.00
5.00
-I0.00 + ......... * ......... • ......... + ......... + ......... +I ........ + ......... • ......... •
0.0 1000 2.00 3000 3000
LOG DROP RAO I US MICRONS
185
21-_ STEADY RAIN 3 MM/HR
____=___=___=__
i ZBASE I ZTOP I DENSITY I R(MODE) I CI I C2 I COMP, I
# METERS I METERS I G/M*°3 l MICRON I I I I
+ ............ + ............ + ............ + ............ + ............ + ............ ÷ ............
I O.O I 150,0 I 0.200 I 200.00 l S,O0 I 0,50 I RAIN I
+ ............ + ............ ÷ ............ ÷ ............ ÷............ ÷ ............ ÷ ............ +
I ISO,O I _00.0 I 1.000 I I0.00 I 6.00 I 0.50 I LIQ, I
I 500,0 I IO00.O I 2.000 I I0,00 I 6.00 I 0.50 I LIQ, I
I I000,0 I 1500,0 I 1.000 I lO.O0 I 6,00 l 0.50 I LIQ. I
+ ............ + ............ + ............ + ............ ÷ ............ + ............ ÷ ..... _ ...... ÷
CLOUD MODEL DISTRIBUTION FUNCTIONS
0.0 1.00 2.00 3.00 4.00 _.00
1.00 + ......... + ......... • ......... ÷ ......... • ...... a-.+ ......... + ......... • ......... + ......... • ......... •





















I 334 444 4444 _33
I 3 344 ! 443
I 344 4 I 4 43
• 3 34 * 43






I I I I
I I I I
I I I I
I I I I
I I I I
I I I I
4 ......... • ......... ,i......... + ..... 4---+ ......... • ......... • ......... • ......... 4.......... • ......... •
4 I 3 I I I I
I I 4 I I I I
I I 3 I I I I
I I 4 I I I I
÷ ",. 3
, , .. ; ; ;
I I 13 I I I
I I 14 I I I





* ......... • ......... •......... + ...... 11-•-3 ....... +--1-1 .... + ......... • ......... + ......... + ......... • -6.20
I I 11 I 4 1 I I t
I I 11 I ! I I I
I I 1 1 I "_ 11 I I
I I 1 I 4 1 I I
• • 1 I + "I ; ;
I l I I 3 I
I II I 4 I I I I
I I I I ] I I
I I I I I I
-R.O0
+ ......... + ......... +......... * ......... + ......... + ......... + ..... I---* ......... + ......... + ......... • -9.BO
I I I I I I
I I I I | I I
I I I I I I
I I I I I I
4. •
, , ; ; , ., ;
I I I I l I I
I I I I I I
I I I I I I
I I I I I I
I I I I I I
I I I I I I
I I I I 1 I I
• <, • • • •
I I I I I I
! i I I I I
I I I I 1 I I




-17.00 • ......... + ......... + ......... • ......... • ......... • ......... + ......... • ......... • ......... • ......... • -17.00
0.0 hO0 2.00 3.00 4.00 5.00
LOG DROP RADIUS MICRONS
186
_.]-] STFADY _AIN*|5 MM/H_'
============================================================================================
t _¢_ANF I /TOP I f)FkqITY I _ (MO{}E} | CI I C2 | COMP. I
I uP.TFt#_ I '_IZTFpC_ I _/e,,o e._1 I q ICI_'t3N I I | I
I 0.0 ! -_0. (_ ! I.qO0 { _00.00 | 5.qO ! 0.5CI I RAIN |
, ........... --* ............ 4 ............ *'............ • ............ • ............ S............ 4"
I 3C f,. f) t I_O0.U t 2.0t)O t 10.00 t 6.00 I 0°50 _ LIO. I
÷............ ............... , ............ . ............ , ............ ,,............. 4............. 4.
1 lor)o.o I _'ooo. o I 3.pOD I 1o.oo I _°oo I o.5() | LIQ° |
, ............ ..__. .......... ............... , ............ 4............. ._............ _............. ÷
I 2000.0 I _nO0.O I ?.000 I 10.00 I 6.00 I O.SO I LIO. I







CLOUD NODEL DISTRIBUTION FUNCTIONS
0.0 l.O0 2.00 3.00 4.00 5.00
l.O0 * + 3 + + + + * • * * 1.00
I 3 444. 444.4 33 I ! I I
I 34.44 ! 4.44 I I ! |
I 344 I 4. 3 I I I I
t 44. I 4,3 I I I I
-0.70 + 3 4 + 43 -0.70
, ,... , 43 ; ; ; ;
134 I 4 I I I I
34 I 4 I I I I
4 I 3 I I I I
-2.40
4 I 3 I I I I
I I 4 I I I I
I I 3 1 I I I
I I 4 1 I I I
-4.10 • + 3 4, . " "4.10
I I 4 1 1 I
l l l I I l
I I I_11 lI llI I I I
I I 1111 II I I I
-5.B0
I I ll 1 4 1 I I I
I I I I II I I
I I II I l I I
I I I I 4 I I I
-7.50 • ; ll ; "l • • -7.50I 1 I 1 I I
I 1 I 3 I I I
I I I 4 I 1 I I
I I I I I I
-9.20
I I I I I I
I I I I I I I
I I I I I I
I I I I I I
-10.90 + I * -lO.qO
, ; ; ; ; ,
I I I I I I
I I I I 1 ! I
I t I I I I
* + + + * • • * * * * -12.60-12.60
I I t I l t I
I I I I I I
I I I I I I
I I I I 1 I I
-14.30 + * * + . _ °!4.30
I I I I I I
I I I I I I
I I I I l I I
I I I I I I
-16.00 + + . + + + + + • • + -16.0o
o.o l.OO z.oo 3.oo *.DO s.oo
LOG OROP RAD I US MICRONS
187
27-1 STI_ATOcuMULUS 1000-200.0 FT
========_===========_=_====================_================================_=====_=========
I ZBASE I ZTOP I nENS|TY I R(MODE) I C| I C2 I COMP. I
I METERS I METERS I G/M*o3 I MICRON I I I I




CLOUD MODEL DISTRIBUTION FUNCTIONS
0.0 , 1.00 2.00 3.00 4.00 _.00
I 1 Ill I I I, I
I III I I l I I I I
I l I l I I I I
I II I ] I I I I
• I • I • • • • -! .00
I l / l I I I i
I I I I I I I
I I I 1 I I I I
I I I I I I I I
• --I ...... • ......... •--- ...... • ......... • ......... • ......... • ......... • ......... •---_- .... • ......... • -_.00
I I I I I I I
I I I I I I I
II I I I I I
I l I ( I I I
-3.00 I * * * * * -3.00
I I 1 I I I I
! l I I I I
l I I I I I
I I I I I I I
-4.00 • - ......... • - .... - .......• ---- • - .................... • • - ............ • -- •--- ....... 4. - ....... •- ........ • -4.00
I I I I I I
I I ! I I I
I I 1 I I I I
I I I I I I
-5.00 * * • • * * -_;. 00
I I I I I !
I I i I I I
I I I I I I
I I I I I I
-6.00
I I II I I I
I I I I I I
I I I I I I
I I I I I I
-7.00 • • * I • • * -7.00
I I I I I I
I I I I I I
I I I I I I
I I I I I I
-8.00
I I I I I I I
I I I I I I
I I I I I I
! I I I I I
-9.00 • • • • * • -9.00
! I I I I I
I I I 1 I I I
I I I I I I
I I I I I I
-10.00 * ......... * ......... * ......... • ......... • ......... • ......... • ......... * ......... • ......... * ......... * -10.00
0.0 1.00 2,00 3.00 4.00 5,00
LOG DROP RADIUS N I CRONS
188
27-_ ST_ATOC_ULU5 2000-4000 FT
=__=_=_=_======_=_=_=_==__==========_=_=___=_==_____=_=_=====_=__=_=_=_=__=_=_==_======_==_=
I ZRASE I ZTOV t DENSTTY I _(NOOE) I CX I C2 | CO_4P. I
I METERS | METFQS I G/W*'3 | MICRON I I i I
t 660.0 I 1320.0 I 0.250 I IO.O0 I 6.00 t 0.50 I LIO. I
CLOUD I_)O(L DISTRIBUTION FUNCTIONS








I 1 111 I I I I
I 1 11 I 1 1 I I I I
I 1 I I I I I I
I || I 1 I I I I
• ! 1
, , ; , ; ; ; ;
I 1 I I I I I
I I I 1 I I I I
I 1 I 1 I I I I
0.0
-I.00
*--I ...... • ......... • ......... * ......... • ......... • ......... • ......... • ......... • ......... • ......... • -?.00
I I 1 I I I I
I 1 I I I I I
II I I I I I
1 I 1 I I I I
| 4. !, • 4. •
I I l I I I I
1 I I I I I
1 I I I I I
I I 1 I I I I
-3.00
I i I I I I
I I I I i I
I t ! I I I I
I I I I I I
4. 4. • • • •
!I l I I l
I I I I I I
I I I I I I
I ! I I I I
-S.O0"
• ......... 4......... • ......... • ......... * ......... • ......... • ......... • ......... • ......... * ......... • -6.00
I I I1 I I I
I I I I I I
I I I I I I
I I I I I I
• • | •
, ; , , ; ;
I I I I I I
l I l I I I
I I I I I I
-7.00












I I 1 ! I I
I I I I I
i I I I I
I I I I I
II I I I
I I 1 I I I
I I I I I
i i I I I
-q.O0
• • * * * * * * * • -i0.00
1.00 2.00 3.00 4.00 S.O0
LOG DROP RADIUS MICRONS
t89
P'_-I F^l_ wF'ATHF_ CU. 1500-AO00 FT
============================================================================================
I 7_ A";F J 7Tt)P I f_F_C,T rY I H (MOI3E) I C| I C2 I COMP. I
I _F. T_'_ S i _4F_TF_% t C,/_._ _ ? I M ] C*4()N I I I I
_............. _............. 4 ............ ÷ ............ , ............ , ............ • ............ •
I 5nOoO I ltloo.o I o.hoo I 1OOOO I _.oo I o._o I LIQ. I
.m............ ÷ ............ + ............ , ............ 4............. • ............ 4. ............
I lO00.O I 1'_o0. CI I ].u,JO I 10.00 I 6.00 I 0.50 I LIO. I
I lC_O0.O I ,'otto.0 I 0o _0o I IO,O0 I _°00 I 0oS0 I LIO. I
, ............ ÷ ............ + ............ , ............ , ............ , ............ ¢ ............ .¢.
CLOUD MOOEL DISTRIBUTION FUNCTIONS
0.0 1.00 2.00 3.00 4.00 So00
1.00 * ......... * ......... * ......... * ......... * ......... * ......... * ......... * ......... * ......... * ......... * 1.00
I I I I I I
I ! I I I I
I 22 2222 I I I I
! 2 2 3 33:3 22 I I I I
-0.10 * 223 33 * 3 3 2 -0o10
I 22 3 t 3 2 I I I I
I Z 3 I 3 I I I I
I 2 3 I 32 I I I I
-1.20 *---2--3--* ......... * ......... *32 ....... * ......... * ......... * ......... * ......... * ......... * ......... * -1,20
I 2 3 I I I I I
I 23 I 32 I I I I
123 I I I I I
I 3 I 32 I I I I
-2.30 23 • • • • • -?.30
3 / 3 I I I I
3 I 2 I I I I
3 I 3 I I I I
I I 2 I I t I
3 ......... * ......... * ......... • ......... * ......... * ......... + ......... * ......... * ......... * ......... * -_,40-3.40
I I ] I I I I
I I 2 I I I I
I I I I I I
I I ] I I I I
-4.50 * * * * * * -4.50
I I 2 I I I
I I 3 I I I
I I I I I I
I I I I I I
* ......... * ......... * ......... * ......... *2 ........ * ......... * ......... * ......... * ......... * ......... * -_°60-5°60
I I 13 I I I
I I I I I I
I I I I I I
I I 12 I I I
-b.70 * * 3 * -6.70
, ; , ; , ;
I I I I I I
I I I I I I
I I 12 I I I
* ......... * ......... * ......... * ......... *--3 ...... * ......... * ......... * ......... * ......... * ......... * -7,80-7.80
I I I I I I
I I I I I I
I I I I I I
I I I 2 I I I
-8.90 * * * 3 * * * -R.90
I I I I I I
I I I I I I
I I I I I I
I I I' I I I
-10.00 * ......... * ......... * ......... * ......... * ......... * ......... * ......... * ......... * ......... * ......... * -10,00
0.0 I.O0 2.00 3.00 4.00 5.00
LOG DROP RAO 1 US N I CRONS
190
2%-_ Ctt_;ILIJg WIT,4 '#A[N _.4 M'4/H_
============================================================================================
I 7HASE I 7T('}p I r)&"f_% I TY | R (HODE) I C] I CZ I CONP. #
| MF TI_S I MF T ¢'r :S I G/Iv Do I # MICRON I # I I
I 0.0 I ,-_r)rl. _ I 0.100 I 400.00 t %.NO I O.SO t I_AIN I
I %NU.II I In0(),0 I I._)o0 I _(). O0 I 6.00 I 0._0 I LIO. I
I 1000.0 I 3nO0.O I @_°000 I IN.O0 I 6.00 I 0.20 I LIOo I























CLOUD NODEL DISTRIBUTION FUNCTIONS
0.0 l.O0 2.00 3.00 4.00 5.00
I I I I I I
I I I ,I I I
I 333 33333133333 33 I I I I
I 33 33 I 333 3 I I I I
333 ; 3333; ; ; ; -i..o
3 22122222 22222 2 33 I I I
3 7222 I 2222 133 I I I
-16.20
I ?_?? I 222 I I I
I 22 I I 22 I I I
I 2 I I 2 I I I
I I I _ I I I
I I I I I I
. . . , ; •I I I I
I I I I I I
I I I I I I
I I I I I I
I I I !1 I 1 Ill I I
I I 11 I Ill I I
I I I I I I I I
I I ]I I I ] I I
* * lI * * I * *
I I I I I I I
I I II I I | I I
I I I I I I I I





v 4_ v 4_ v v v I v ,t _.
...................................................... ":.................................... I0.80
I I I I I I
I I I I I I I
I I I I I I
I I I I I I I
, , ; ; , , ;
I I I I I I
I I I I I I
I I I I I I I
I I I I I I
I I I I I I I
I I I I I I
I I I I I I
I I I I I I
I I I I I I





I I 1 I
-18.00 * * * . * * * * * * * -IB.OO
0.0 1.00 2.00 3.00 4.00 _.00
LOG DROP RADIUS MICRONS
191
?h-_ CUMULUS WITH RAIN I_ MMIHR
============================================================================================
I 7HASF I 7TOP I OrNSITY I R(MODE) I CI I. C2 I COMP. I
I wrTE_S I _TF_S I Gl_O3 I MICRON I I I I
+ ............ + ............ + ............ ÷ ............ + ............ + ............ + ............ •
I 0.0 I 4o0.0 I 0.500 I 400.00 I 5.00 I 0.50 I RAIN I
+ ............ . ............ . ............ ÷ ............ ÷ ............ + ............ + ............ +
I _no,o I InO_.O I 2.0o0 I 20.00 I fl.oO I n,2n I LIO. I
• ............ + ............ • ............ • ............ • ............ • ............ • ............ •
I I000,0 I 4000,0 I 4.000 I lO,O0 I 6,00 I 0.20 I LIQ. I
0.0
CLOUD MODEL DISTRIBUTION FUNCTIONS
0.0 1.00 2.00 3.00 4.00 S.00
0.0
I I I I I I
I 3 33333133333 3 I I I I
I 3 3333 I 3333 I I I I
I 333 I 33 I I I I
-1.70 3 33 • 33 -I.70
3 22221222 222 222 33 I I I
I 22 _2 I 22 21 3 I I I





* .... 22---+ ......... • ......... • ......... +--2-2 .... • ......... + ......... + ......... • ......... " ......... * -3.40
I 22 I I 2 I I I
I 2 I I 22 I I I
I I I I I I
I I I I I I
; .; ; ; ; ;
I I I I I I
I I I I I I
I I I Ill II I I I
-5.10
• ......... • ......... • ......... • ......... +---ll-ll-• ..... l-ll+ ......... + ......... + ......... • ......... • -_._0
I I II 1 II I l
I I 1 l 11 I I
I I II I I l I I
I I l I I 1 I I
• • II • • I • •
I I l I I I / I
I I l I I I I
I I |1 I I l I I













• ......... • ......... • ......... +......... • ......... • ......... • ......... • ......... • ......... • ......... • -10.20
T I I I I I I I
Y I I I I I I
I I I I I I
I I I I I I I
-ll.90 • • • • + • "II.90
I I I I I I I
I I I I I I
I I I I I I
I I I I I I I
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APPENDIXC
COMPUTATIONAL RESULTS FOR CLOUD MODELS
The unit-volume absorption and scattering properties of the
cloud models of Chapter IV have been computed using the theory devel-
oped in Chapter III. The computation procedures are embodied in the
"Radiative Absorbtion and Scattering Program" (RASP) written for the
IBM 560 computer. At each given wavelength, the program evaluates
the Mie efficiency factors over the range of drop-size parameters
0.01 to 50 (Figures III-5 through III-ll and, III-15 through III-IS),
and from these the single-particle cross sections for scattering,
absorption, and extinction. For each cloud model, the set of number
densities, N[r_, are evaluated using Eq. 4-I of Chapter IV with the
given distribution parameters, and the unit-volume coefficients
determined by numerical integration of Eq. 5-12 of Chapter III.
The following quantities are tabulated for each layer of a
multi-layer distribution, at each given wavelength LAMDA. In columns
2 and 5 are given the mass density and number density of the layer
determined by numerical summation over the computed drop distribution.
Columns 4 and 5 contain the coefficients for scattering GAM(S) and
-i
extinction GAM[E) in neper cm Column 6 contains the extinction
coefficient GAM(E) in dB km -I (since both sets of units are often of
interest). The Rayleigh extinction coefficient GAM(R) computed using
the Staelin approximation formula (Eq. 3-16), is given in Column 7.
Finally, the single scattering albedo and penetration depths for sin-
gle,scattering D[SCAT) and extinction D(EXT) are given in columns 8
to i0.
The computed coefficients GAM(S) _ GAM(E) for the Cirrus model
195
l-M-1 make use of the index of refraction for ice at the three wave-
lengths considered, but the Rayleigh extinction coefficient GAM(R)
refers to the equivalent mass density of water droplets with the
same particle distribution and temperature. Thus, at I cm, the com-
puted extinction coefficient of ice is seen to be two orders of mag-
nitude less than the same mass density of water in a Rayleigh dis-
tributed cloud. Ice clouds are often neglected in radiative transfer
problems at microwave frequencies for this reason.
Cloud model 26-1 presents a special case with its Cirrus cap.
Since the index of refraction data used in the computations for water
and ice are at different temperatures, the results for the ice layer
have been computed separately and added to the table at the wave-
lengths 1 cm, 100_ and lOu. In this case, the Rayleigh extinction
coefficient corresponds to the same mass density of water at O°C,
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